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Abstract 
The primary objective of this work is to experimentally examine the effect of various geometric 
parameters on the impact damage and damage tolerance of thin carbon/epoxy plate and panel 
structures. Due to the number of parameters involved in a low velocity impact event and the 
complexity of the damage created, determining what effect individual parameters have is 
extremely demanding, especially when some of the parameters may even be coupled. However, 
by experimentally simulating in a controlled manner, either the impact event or the damage 
created, the effect of individual geometric parameters can be isolated and determined. 
A quasi-static indentation test has been used to simulate an impact event. The parameters of 
indenter size, nose shape, plate size and boundary condition, were examined. Four different 
plate failure modes were identified. Indenter nose shape was found to be the dominant 
geometric parameter, as a change in nose shape resulted in a change in failure mode and hence 
maximum load. From this work, a set of geometric parameters was selected for impact testing. 
Impact testing at various Incident Kinetic Energies (IKE) was performed on an instrumented 
drop weight impact rig. From examination of internal and external damage, the development of 
damage to increasing IKE was determined and shown to have four distinctive phases. Coupled 
with strike and rebound velocity measurements, a non-linear relationship between IKE-damage 
area was established and a delamination threshold energy level of 1.1 J was calculated. 
Damage tolerance assessment of impacted panels was then performed in a Compression-After- 
Impact (CAI) rig. Strain gauge responses allowed global and local behaviour to be compared to 
intact specimens. It was found that once a critical damage size was surpassed, a gradual non- 
linear degradation in compressive strength was observed until a point was reached where no 
further degradation in performance was attained. Furthermore, propagation of internal damage 
in a stable and unstable manner was directly linked to the nature of sublaminate buckling 
behaviour. 
Damage tolerance assessment of artificially delaminated panels loaded in compression was then 
performed. A single artificial delamination of various size, shape and orientation, embedded at 
the centre of a panel was examined. Delamination width was found to be the dominant 
geometric parameter. Hence, when comparing a circular delamination to an elliptical one of the 
same area, the effect of orientation and shape is aspect ratio dependent. Finally, a comparison of 
impacted and artificially delaminated panels was made. 
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Chapter I 
1. Introduction 
1.1. Background 
Advanced composites are characterised, among other things, by high specific strength, high 
specific stifffiess, corrosion resistance and good fatigue properties. These properties make them 
an attractive alternative material to metals in aerospace structural applications. Their usage 
today is increasing rapidly and there are many examples of their employment in routine 
production; wing flaps, engine cowlings, vertical tail fin stabilisers and radomes are just a few 
of the components on civil aircraft. Their use in primary structures was pioneered in the military 
field, and includes such examples as helicopter blades and the wings and fuselage ofjet fighters, 
whose structural surfaces can consist of more than 40 per cent composites. In order to 
appreciate the extent to which airframe manufacturers are using advanced composites, Fig. 1.1 
shows the application of materials on a modem commercial airliner. 
However, during the life of an aircraft structure, impacts by foreign objects can be expected to 
occur during manufacturing, maintenance, and flight operations. An example of in-service 
impact occurs during aircraft takeoffs and landings, when stones and other small debris from the 
runway are propelled at high velocities by the tyres against the aircraft structure. During the 
manufacturing process or during maintenance, tools can be dropped on the structure. In this 
case, impact velocities are small but the mass of the projectile is larger. Laminated composite 
structures are more susceptible to impact damage than a similar metallic structure. In composite 
structures, impacts create internal damage that often cannot be detected by visual inspection. 
This internal damage can cause severe reductions in strength and can grow under load. 
Therefore, the effects of foreign object impacts on composite structures must be understood, 
and proper measures should be taken in the design process to account for these expected events. 
Concerns about the effect of impacts on the performance of composite structures have been a 
factor in limiting the use of composite materials. For these reasons, the problem of impact has 
received considerable attention in the literature and many reviews of the subject [1-8], as well as 
books [9-10], have been written. In order to initiate the discussion, the problem will be broken 
down into two topic areas, that of the "Impact damage" and "Damage tolerance", each of these 
will be discussed in the following subsections. 
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1.1.1. Impact damage 
Research into impact damage has primarily focused on the following two objectives: 
* To understand the dynamics of an impact on a structure by a foreign object and to predict or 
measure the contact force history and the overall response of the structure. 
9 To understand how impact damage develops, what the failure modes are and what factors 
affect the amount and type of damage exhibited so that damage resistance can be improved. 
Unfortunately, due to the number of parameters associated with an impact event and the fact 
that some of these parameters may even be coupled, achieving the above objectives is very 
difficult. The parameters of material characteristics, such as fibre volume fraction, fibre 
structure and lay-up; structural configurations, such as specimen dimensions and boundary 
conditions; and impact conditions such as impactor size, nose-shape and mass, impact velocity, 
impact angle and energy, must be considered. Hence, much of the analytical predictions that do 
exist, only give insight into very simple structural scenarios, such as a simply supported beam. 
The type of damage resulting from impact on composites depends on the Incident-Kinetic- 
Energy (IKE) level involved in the impact. High-energy impact, such as ballistic damage, 
results in through-penetration with perhaps some minor local delaminations. Lower energy level 
impact, which does not produce penetration, may result in some local damage on the impact 
zone, together with delaminations within the structure and fibre fracture on the back face. 
Internal delaminations with little, if any, visible surface damage may result from low-energy 
impact, hence making this impact type of primary interest. Therefore, impacts are generally 
categorised into either low or high velocity (and sometimes hyper velocity), but there is not a 
clear transition between categories and authors disagree on their definition. Sj6blom et al. [11] 
and Shivakumar et al [12] define low-velocity impact as events which can be treated as quasi- 
static, the upper limit of which can vary from one to tens of m/s, depending on the target 
stifffiess, material properties and the impactor's mass and stiffness. High-velocity impact 
response is dominated by stress wave propagation through the material, in which the structure 
does not have time to respond, leading to very localised damage. Boundary condition effects 
can be ignored because the impact event is over before the stress waves have reached the edge 
of the structure. In low-velocity impact, the dynamic structural response of the target is of 
utmost importance, as the contact duration is long enough for the entire structure to respond to 
the impact and as a consequence more energy is absorbed elastically. Cantwell and Morton [1] 
conveniently classified low velocity as up to l0m/s, by considering the test techniques that are 
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generally employed in simulating the impact event (instrumented falling weight impact testing 
(TWIT), Charpy, Izod, etc. ). In contrast, Abrate [2-3] in his review of impact on laminated 
composites stated that low-velocity impacts occur for impact speeds of less than 100m/s. Other 
researchers have presented differing definitions. 
1.1.2. Damage tolerance 
The next area of interest is the effect of impact damage on the mechanical properties of 
laminated composite structures. This is often called the study of damage tolerance since it refers 
to the experimental determination or the numerical prediction of the residual mechanical 
properties of the damaged structure. Many organisations have developed guidelines or 
requirements for residual strength after impact. For example, U. S. Air Force draft requirements 
for damage tolerance for low-velocity impacts are that laminates should maintain a minimum 
design strength after impacts with 100ft-lb IKE (135.6J) by a 1-in. -diameter hemispherical 
indenter or after impacts resulting in a 0.10 in. dent, whichever is less severe [4]. 
The general trend for the residual strength of laminated composites with impact damage is that, 
for low IKE levels, the strength is not affected since little or no damage is introduced. As 
damage size increases, the strength drops rapidly and then levels off. The effects of impact 
damage on the residual strength in tension, compression, shear, and bending have been 
investigated at length and follow the same general trend. Of these, the in-plane compressive 
loading scenario exhibits the greatest reduction in strength. This is mainly due to the fact impact 
induced delarnination divides the laminate into sub-laminates which have a lower bending 
stiffness than the original laminate and are less resistant to buckling loads. Compressive loading 
promotes instability of these sublaminates, which in turn may lead to ftwther propagation of the 
delamination failure mechanism, and hence promote laminate failure. 
Various Compression-After-Impact (CAI) test fixtures are available to obtain the compressive 
strength of an impacted composite laminate, however it must be noted that at the moment there 
is a lack of an ISO standard. Popular test methods include Boeing [13], CRAG [14], NASA 
[15], SACMA, [16], QMW (Queen Mary and Westfield College) [17], however a variety of 
custom made fixtures have been presented. As realistic impact damage is considered, quite large 
specimens are examined, and as a result many of the test fixtures employ the use of anti- 
buckling supports. 
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1.2. Literature review 
Before undertaking this programme of research, a comprehensive review of the literature was 
conducted in order to fully appreciate the current "state of the art" and to highlight those areas 
requiring further investigation. As extensive research has been perforined on the subject of 
impact damage and damage tolerance of composites, the following review will focus on two 
specific areas; that of plates under quasi-static transverse loading and the in-plane compression 
testing of artificially delaminated panels. 
1. Z 1. Plates under quasi-static transverse loading 
In recent years, quasi-static testing has been used to simulate a low-velocity impact event so that 
the sensitivity of composite systems, impact conditions and specimen geometry can be 
investigated easily [12,18-29]. This can lead to useful results, providing that the composite 
system is not strain rate sensitive, inertia effects in the impact test are small and the dominant 
damage mechanisms induced under quasi-static and impact conditions are similar in nature. As 
a quasi-static test is usually carried out on a universal testing machine, its easily obtainable 
results have often been used for the cost-effective development of simple analytical techniques 
needed for material selection in preliminary design analysis [ 18-23 ] and for the development of 
penetration models associated with high velocity impact [24-33]. In particular, the validity of 
using the quasi-static test results for a low-velocity and low-energy impact event has been 
justified both analytically [34-36] and experimentally [11,34-37]. However, because of the lack 
of a standard quasi-static test, the size and nose shape of indenters, in-plane dimension of 
specimens and boundary conditions have all been arbitrarily chosen. Although these parameters 
are likely to play a part in the development of damage mechanisms, there is very little 
infonnation available on them in the published literature, and that which is available is limited 
to examining the effect of no more than three parameters. Consequently, the interrelated effects 
of these parameters on damage are not at all understood. 
Flat-ended indenter 
In order to initiate the discussion, load-indenter deflection responses for plates loaded with a 
flat-ended indenter will be discussed first. Sun et al investigated such a configuration 
extensively [24-27], studying the effects of both plate size and thickness, on clamped circular 
graphite/epoxy plates. Ursenbach et al [28-29] also studied the effects of plate size and 
thickness, but on simply supported circular and rectangular carbon/epoxy plates. Zhou [18] 
studied the effect of plate thickness and material, by examining E-glass/polyester and S- 
glass/phenolic woven roven clamped circular plates. Unfortunately, no literature has been found 
1-4 
that examines the effect of indenter size and which directly compares the effect of plate 
boundary condition. 
Fig. 1.2a shows the response of a 2mm thick graphite/epoxy circular plate taken from [24]. The 
initial response to loading is linear (0-A), and although it was thought [24-25] that no damage 
occurred before the first peak or threshold load (Point A on the curve), subsequent research 
showed that matrix cracks were formed just before Point A, and did not affect plate stiffness 
[26]. The sudden load drop (A-B), is a result of the onset of delamination within the laminate, 
and is thought to initiate from matrix cracks [25-26]. The same initial linear response to loading 
and subsequent load drop, as a result of the creation of delamination, is accounted for by 
Ursenbach et al [28-29] and Zhou [ 18]. Through the use of strain gauges, the latter research also 
shows the loss of local flexural rigidity resulting from the creation of delamination. The loss of 
flexural rigidity is an important consideration when modelling the post-delarnination response 
of a plate [18-20]. However, Ursenbach et al [28-29] does not observe the occurrence of 
damage before the threshold load and Zhou [18] identifies the damage as matrix cracking and 
delamination. Diagnostic tests performed at Point B, show that there is no visible damage on 
either surface [26], or a very small amount of matrix cracking under the indenter [18]. Also, 
delamination is doughnut shaped in pattern [ 18], as illustrated in Fig. 1.3, or grew into a spiral 
staircase doughnut pattern [29], and occurred in the bottom third of the plate [26,29]. 
Although delaminated, the plate of reduced flexural rigidity still has load carrying capability (B- 
Q. Initially, a linear response to loading is observed, however as the indenter's displacement 
approaches then exceeds that of the plate's thickness (2mm), membrane actions due to mid- 
plane stretching come into play and enhance the plate's response non-linearly. The extent to 
which flexural rigidity is lost and then enhanced by membrane stretching, is dependent on plate 
geometry. Throughout the response (B-C), the area of the delamination progressively grows 
[18,24-29] however, quite how it grows is unclear. Fig. 1.2b, taken from [26], shows load- 
indenter deflection curves for different thicknesses of plate, the response of the 2mm thick plate 
shown in Fig. 1.2a is included in this figure. As the thickness of the plate is increased, the 
severity of the delarnination propagation is increased and substantial load drops between Points 
B-C for the 8.1 mm thick plate are observed in comparison to the much more stable 2mm thick 
plate. This feature is confirmed by Ursenbach et al [28-29], however Zhou [18] shows very 
stable delarnination propagation for very thick plates, Fig. 1.4; this difference may primarily be 
a result of the composite system used. 
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Point C is the ultimate load of the plate. Penetration of the plate occurs when the fibres on the 
top surface around the periphery of the indenter's contact area are sheared out. The shearing of 
the plies is instantaneous and results in a catastrophic load drop (C-D). A plug is formed as the 
shearing action continues, and grows until it progresses to the delamination. Then the plug 
behaves as an added mass to the indenter, causing the final tensile failure of the lower 
sublaminate if loading carries on [ 18,24-29]. However, it must be noted that the ultimate load is 
not always greater than the threshold load, particularly for thick plates, see Fig. 1.2b. This figure 
also shows the effect of plate thickness, as intuitively expected, the thicker the plate, the greater 
the delamination threshold and ultimate load [18,24-29]. As for the effect of plate size and 
shape, Ursenbach et al [28-29] were inconclusive. Sun et al [24-27] however showed that the 
threshold and ultimate loads were similar for the different plate diameters studied, as illustrated 
in Fig. 1.5. However, it must be noted that this range of diameters was very limited and differed 
from a plate radius to indenter radius ratio of 3 to 5. 
Hemispherical indenter 
One of the first researchers to employ the quasi-static testing technique using hemispherical 
indenters was Elber [19], in which the effect of plate size and matrix toughness were assessed 
on graphite/epoxy clamped circular plates. Further work [20] looked at the effect of plate 
thickness and summarised his findings. Later [12,21], impact force, duration, and damage 
models were developed and compared with impact and static tests. Sankar [22] and Wu [23] 
also used a graphite/epoxy composite system to study the effects of plate lay-up and indenter 
size. However, the former used simply supported circular plates and looked at the finther effect 
of plate size, while the latter used clamped square plates and assessed the effect of plate 
thickness. Unfortunately, no literature has been found that directly compares the effect of plate 
boundary condition. 
Fig. 1.6 shows typical load-indenter deflection responses for 2mm thick graphite/epoxy circular 
plates of different diameters taken from [20]. At first glance it can be seen that the load-indenter 
deflection response for a hemispherical indenter has similar characteristics as that of a flat- 
ended indenter. Before threshold load is reached, matrix cracking is reported [22-23], associated 
with fibre splitting [23], as well as the initiation of small delaminations [22]. These damage 
mechanisms have no effect on plate stifffiess [22-23]. Circular staircase [22] and butterfly 
shaped delaminations coinciding with fibre splitting [23] have been observed after threshold 
load, in comparison to the flat-ended indenter's doughnut shaped delaminations discussed 
earlier. On further loading, the delaminated plate shows reduced stiffness and membrane 
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stretching effects [20,22], similar to those produced by the flat-ended indenter. However, unlike 
the flat-ended indenter, regardless of plate thickness, stable delamination growth is observed 
[12,19-23]. Also, final plate failure is a result of tensile fibre fracture on the distal side of the 
plate [20]. However, if the plate is sufficiently thick and small in diameter, a toughened matrix 
will maintain more flexural stiffhess and hence increase the ultimate load, therefore final failure 
is not solely fibre dependent [20]. The thicker the plate, the greater the delamination threshold 
and ultimate load [ 19-20,23 ]. 
If the geometric parameter of plate radius to indenter radius ratio is used, the 50.8mm test radius 
shown in Fig. 1.6, would be comparable to the a/c =4 test shown in Fig. 1.5. Although this 
comparison is far from ideal, the effect of indenter shape is clearly recognisable as a 
substantially reduction in threshold and ultimate load. Clearly the effect of indenter shape plays 
a critical role in the behaviour of a plate and the damage mechanisms involved. Fig. 1.7a-b 
taken from [18] illustrates why this is the case; for a hemispherical indenter the contact area 
increases with the applied load, and the contact pressure maximises at the centre and falls 
continuously to zero towards the edge of contact. For the flat-ended indenter however, the 
contact area is independent of the contact force and the contact pressure distribution is singular 
at the edge and minimum at the centre. Given this, the initiation of damage should occur under 
the centre point of the hemispherical indenter and at the circumference of the flat-ended indenter 
[ 18,28-29]. Surprisingly, no literature has been found that directly compares these two indenter 
nose shapes. 
As for the effect of plate size, Sankar [22], due to data scatter, was inconclusive on this matter, 
Elber [19-20] however showed that the threshold and ultimate loads were similar for the 
different plate diameters studied (Fig. 1.6). He then went on to develop a simple one- 
dimensional model found to be adequate to describe the deformation behaviour of thin plates up 
to 32 plies. Threshold load failure criteria was matrix shear failure, given by: 
,r= 
27rtV2Q6i 
P (1.3-1) 
where: 
P- total load 
t- plate thickness 
Q hemispherical indenter radius 
4. indentation displacement 
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Zhou [ 18] followed on from this, with threshold failure criteria for flat-ended indenters. 
3P 
7- = 
4)ztr 
where: 
r- contact radius 
(1.3-2) 
Both of these equations show that threshold load is independent of plate size. They also offer 
insight into the effects of indenter size and plate thickness. As already seen, the thicker the plate 
the greater the threshold load [12,18-21,23-29]. As for indenter size, Sankar [22] reported about 
a 30% rise in threshold load for a quadrupling in hemispherical indenter diameter, while Wu 
[23] reported no increase in threshold load for a doubling in diameter. 
1.22 In-plane compression testing of artificially delaminated panels 
As impact induced delamination is generally irregular in shape, distributed through a number of 
layers within a laminate and accompanied with other damage mechanisms such as fibre fracture 
and matrix cracking, determining what effect individual delamination parameters have on the 
in-plane compressive strength of a structure is tremendously difficult. This is because a large 
number of parameters could affect the compressive behaviour, and their effects may even be 
coupled. These include size, shape, orientation, depth, distribution and number of 
delaminations, as well as local changes of fibre curvature at the damage area. To ascertain these 
effects collectively by using impact-damaged panels would be prohibitively expensive. 
Therefore, to simplify the above problem, many researchers have simulated impact induced 
delamination both analytically [38-39] and experimentally through the use of artificial 
delaminations. As a result, geometric and spacial parameters can be controlled and parametric 
studies of each parameter can be performed. Initially, research concentrated on the one- 
dimensional case or through-the-width delamination, as shown in Fig. 1.8, however recent 
efforts have focused on the two-dimensional case or embedded delamination. 
The effect of embedding circular [40-54], elliptical [54-57] and rectangular [58-59] 
delaminations in compressively loaded panel structures has been studied experimentally. 
Usually, as a straight compressive test on either flat [43-59] or cylindrical [40] panel structures, 
however fatigue tests have been also been performed [41-42]. Unfortunately, due to number of 
parameters involved in experimental testing, previous work in this area is varied. Along with the 
above-mentioned parameters associated with the delamination, further parameters such as 
specimen size, aspect ratio, thickness, lay-up and material type must be accounted for. Coupled 
with the fact that researchers have used a variety of techniques to make an artificial 
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delamination, as well as a variety of CAI test rigs and standards, makes cross-examining of the 
research in this area troublesome. 
Delamination buckling modes 
As delamination propagation from an embedded defect primarily occurs in the direction 
transverse to loading [43-46,48-56,58], it is fair to assume that Mode I opening fracture (Q, ) is 
more critical than the Mode 11 shearing fracture (Gl1c). Coupled with the fact that the critical 
strain energy release rate, G1, is much lower than, CT11, for typical composites [60], how the 
sublaminate buckles on loading is therefore of interest. Fig. 1.9a-d illustrates possible buckling 
modes of the sublaminate and base laminate. From this figure it can be seen that global panel 
behaviour directly affects the sublaminate buckling response. Without global behaviour, local or 
inadmissible buckling will occur, with it, global or mixed buckling will occur. Although this 
may seem an obvious point, it does however explain some of the conflicting information in the 
literature, as some researchers have used CAI rig configurations that experienced global 
buckling behaviour [50-57], while others have not [43-49,58-59]. Interestingly, the nature and 
initiation of delamination propagation appears to be influenced by this issue. For the 
configurations that did not experience global behaviour, delamination propagation was 
relatively stable [48-49] or occurred in a stepwise manner [46,58], before ultimate load was 
achieved. Where as configurations that did experience global behaviour, also experienced the 
same stepwise propagation before ultimate load [51-52,54-56], but in some instances, 
delamination propagation only occurred at ultimate load [50,53,57] and triggered catastrophic 
failure [50]. Panel thickness may therefore play an important role, as it directly effects the 
buckling mode, which in turn dictates the nature of delarnination propagation. Unfortunately, no 
literature has been found that studies the effect of an embedded delamination to a change in 
panel thickness. 
Due to the enclosed boundary of an embedded delamination, many researchers have reported a 
variety of sublaminate buckling shapes different to the artificial delamination shape originally 
embedded in the panel. Mousley [58] studied the effect of delamination orientation using 
rectangle delaminations, and found a change in orientation resulted in a change in buckling 
mode from local to inadmissible. Davidson [55-56] also studied the effect of delamination 
orientation, but instead examined elliptical delaminations. While the sublaminate of a specimen 
with a horizontally embedded ellipse (longer axis perpendicular to loading direction) buckled to 
the ellipse shape, a vertically aligned ellipse first buckled into a circular shape, then before 
failure, it buckled into a horizontal aligned elliptical shape. Similarly, Whitcomb [43] and 
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Petitniot et al [54] observed a horizontal aligned elliptical buckling shape for a circular 
delamination, as illustrated in Fig. 1.10. Later, through the use of a finite element progranu-ne, 
Whitcomb [44] examined the distribution of fracture energy around the periphery of a circular 
delarnination. He confirmed that delarnination propagation should occur in the direction 
transverse to loading. Fig. 1.10 also shows the effect stacking sequence has on the buckled 
sublaminate. 
Delamination size 
Increasing the size of an artificial delamination decreases the compressive strength of a panel 
structure [46-52,57,59], the sublaminate buckling stress [46,48-49,59] and depending on test 
configuration, the global buckling stress [46,50-52,57]. However, there does appear to be a 
critical delamination size before which the above listed reductions occur [46,48-50,57,59], and 
below this size, panel response as well as failure is identical to that of an intact panel specimen 
[46,48-50]. Generally, a critical delamination width-to-panel width ratio, bla ratio, of 0.1-0.16 is 
observed. An example of above issues, taken from [50], is illustrated in Fig. 1.11; in this case 
five circular delaminations equally spaced through the thickness are embedded in two 
composite systems. Although both systems show similar buckling loads, the toughened epoxy 
system (A-specimen) shows an enhanced damage tolerance to an increase in delamination 
diameter, as would be expected. 
Delamination number and distribution 
While the majority of researchers have examined the effect of embedding a single delamination 
[41,43-47,53-59], some have examined the effect of embedding multiple delaminations of the 
same size [40,47-52,55-56] and of various size, in a cone shaped arrangement [47-52,55-56]. 
Intuitively, the greater number of delaminations embedded within a laminate, the greater the 
reduction in panel compressive strength, however only Laman et al [47] has examined this. Fig. 
1.12 taken from [47] shows the effect of embedding 1,3,5 and 7 circular delaminations in a 
sixteen ply quasi-isotropic laminate. Multiple delarninations are either, evenly distributed and 
symmetrically located through the thickness, or alternatively located from the top surface. From 
this figure it can be seen that an increase in the number of alternatively located delaminations 
from the top surface, does lead to a reduction in the compressive strength, but for the evenly 
distributed specimens after three delaminations little effect on the compressive strength is 
observed. Also plotted Fig. 1.12, is the compressive strength of a specimen containing seven 
delarninations of different sizes arranged in an evenly spaced cone shape. The largest 
delarnination in this arrangement is the same size as that used in the specimen with seven evenly 
spaced and equally sized defects. As the compressive strengths of these two specimens are 
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similar, Larnan et al [47] concluded that the largest delamination size controlled the 
compressive strength of a cone shaped arrangement. Suemasu [51-52] who also studied a 
similar cone shape arrangement of circular delarninations confirmed that the largest defect 
controlled sublarninate behaviour. Only Davidson [55] has embedded elliptical delarninations of 
various size and orientation in a cone shaped arrangement, however due to the complex 
behaviour of multiple buckling sublarninates his results were inconclusive. 
Delamination depth 
As the sublaminate buckling stress of a single delamination is related to the thickness of the 
sublaminate, it would be fair to assume that the depth of a delamination is of importance. The 
deeper the delamination, the higher the sublaminate buckling stress, and hence the higher the 
load obtained before delamination propagation occurs. However, the deeper the delamination, 
the thinner the base laminate, what effect this has is unclear. Asp et al [53] examined the depth 
effect on relatively thick laminates, clamped at the loading edges and unsupported along its free 
edges. For this configuration, which was dominated by global behaviour, delamination depth 
effected the sublaminate buckling stress, the thicker the sublarninate the greater the sublaminate 
buckling load, as expected. However, as delamination propagation was dominated by global 
behaviour the effect of sublarninate buckling was of no consequence. Although, Asp et al 
concluded that delarnination depth had no effect on panel compressive strength it must be noted 
that the range of depths examined was limited. Yeh [57] using a similar test configuration 
examined the depth effect on thin laminates. In this case, illustrated in Fig. 1.13, the deeper the 
delamination the lower the ultimate/global buckling load. Although the global behaviour of 
panel's tested by Laman et al [47] is unknown, a similar percentage drop in compressive 
strength is observed in Fig. 1.12. Naik [59] who tested thick laminates with a square 
delamination at different depths claimed that Panel compressive strength decreased then 
increased with increasing delarnination depth, however due to the number of tests performed 
this could be argued to be data spread. 
Delamination orientation and shape 
Although analytical research [39] has been performed that compares the effect of orientation 
and shape of an elliptical delarnination with a circular one, surprisingly, only one reference [54] 
has been found that compares the effect of delarnination shape experimentally. Petitniot et al 
[54] examined both the effect of delamination shape and orientation for one delamination area. 
Unfortunately, he did not comment on panel compressive strength, and as delarnination 
propagation for his test configuration was dictated by panel global behaviour, he concluded that 
delamination shape and orientation had no effect. Davidson [55] however, showed that ellipse 
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orientation did effect both the sublaminate buckling stress and compressive strength. Although 
the effect on compressive strength was very marginal (about 6.5%), the ±45' orientation was 
the worst case scenario followed by the horizontally aligned, then vertically aligned 
orientations. Yeh [57] also showed a marginal effect on the compressive strength, as shown in 
Fig. 1.14, however in this case as the ellipse was rotated from the vertical to the horizontal 
aligriment, the compressive strength reduced linearly. As described earlier, Mousley [58] found 
that a change in the orientation of a rectangle delamination from horizontally to vertically 
aligned resulted in change in the sublaminate buckling mode from local to inadmissible. The 
effect of this was a significant enhancement in compressive strength (about 18.9%). As 
references [54-57] experienced global behaviour to loading where as [58] did not, it appears that 
the effect of delamination orientation is test configuration dependent. What effect delamination 
shape has is still unclear. 
Comparison to Impact induced and Hole damage 
Although artificial delaminations are primarily used to simulate impact induced delamination, 
amazingly very few of the references reviewed here directly compared the compressive strength 
of artificially delaminated panels with those containing impacted induced damage. Asp et al 
[53] and Mousley [58] did such a comparison, but both only concluded that impact damage can 
not be represented by a single delamination. Davidson [55] observed that there was a difference 
in the way in which an artificial and impact induced delamination sublaminate buckled. For the 
impacted specimens, sublaminate buckling did not occur in such a dramatic fashion as it did for 
the artificially delaminated specimens, and generally delamination. propagation was stable and 
slower in occurrence. Laman et al [47] compared impacted induced damage to both panels 
containing drilled holes and artificially delaminated panel structures. Interestingly, in 
comparison of the three damage types, seven equally sized and spaced embedded delaminations 
had the greatest effect on panel compressive strength, followed by hole, then impact damage; 
Fig. 1.15 shows the results. 
Aims of research programme 
In this section an overview of the chapters within this thesis is presented. Each chapter has its 
own unique aims, these either address areas deemed worthy of investigation, as identified in 
Section 1.2, or are required to fuither the research programme. The majority of the work 
presented in this thesis is experimentally based on thin carbon/epoxy plate or panel laminate 
structures; analytical predictions are however presented in some chapters. 
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Chapter 2 Composite systems, laminate fabrication and determination of mechanical 
properties 
This chapter describes: 
" The two different carbon/epoxy composite systems used by the project. 
" The procedures used to fabricate laminate material. 
It determines: 
" Whether or not a postcure of cured laminate is required. 
" The mechanical properties of each system, so that analytical predictions can be made in 
subsequent chapters. 
Chapter 3 Plates under quasi-static transverse loading 
A parametric study is performed to assess the combined effects of various geometric parameters 
on the damage inflicted in circular plates under a quasi-static transverse load. The following 
four parameters are examined: 
" Indenter shape - Hemispherical or Flat-ended. 
" Indenter size - 8mm (small) or 20mm (large) diameter. 
" Plate size - 40mm (small) or 120mm (large) diameter. 
" Plate boundary condition - simply supported or clamped. 
The change in indenter nose shape from hemispherical to flat-ended represents the geometric 
extremes from one to another, where as the change in plate size will result in significant 
membrane stretching effects. The aims of this chapter are therefore twofold: 
" To examine the respective effects of varying each one of the parameters under various 
conditions while isolating the contribution from all others. 
" To examine the interaction of local and global structural responses. 
Particular attention is paid to the effects of these parameters to the onset and propagation of 
damage. The work presented in Chapter 3 can also be found in the published literature [61-62]. 
Chapter 4 Transversely impacted large plates 
From the work performed in Chapter 3, a set of geometric parameters is selected for full-scale 
impact testing of plate specimens. Impact testing at various IKEs' is performed on an 
instrumented drop weight impact rig. The impactor's mass is 1.689kg and remains constant for 
all testing, while the impactor's drop height is altered between a range of 0.125m to 1.25m. A 
rebound catch mechanism is used to stop repeated impact of the specimens. Strike and rebound 
velocities are measured experimentally through a pair of photo-slotted switches mounted close 
to the impact site. This chapter has the following aims: 
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" To measure and examine non-destructively the internal damage area of impacted plate 
specimens. This will allow damage tolerance assessment of impacted plates to be performed 
in Chapter 5. 
" To gain understanding on the development of impact damage to an increase in IKE. 
" To formulate a damage map, relating IKE to damage area, and hence calculate the 
delamination. threshold energy level. 
Chapter 5 In-plane compression testing of impacted panels 
In this chapter, a custom made CAI test rig is used to perform damage tolerance assessment of 
the impacted plate specimens generated in Chapter 4. Back-to-back strain gauge pairings on a 
panel's surface will allow global behaviour to be compared to intact panel specimens. As the 
shape and area of internal damage is established, strain gauge pairings will be located close to 
the edge of internal damage. These are intended to monitor sublaminate behaviour and the 
potential propagation of failure. This chapter has the following aims: 
" To gain understanding on the mechanical behaviour and deformation process of intact panel 
specimens. 
" To gain understanding on the mechanical behaviour and defon-nation process of the 
impacted panel specimens, by comparing them to the intact panel responses. 
" To determine the relationship between the amount and type of impact damage exhibited to 
the compressive strength of panels. 
" To examine the sublaminate buckling response of internal damage and the possibility of 
delamination. propagation. 
Chapter 6 In-plane compression testing of artificially delaminated panels 
To assess the effects of various delarnination parameters, damage tolerance assessment of 
artificially delaminated panels is performed in the same manner as that described in Chapter 5. 
This parametric study examines a single artificial delarnination of various size, shape and 
orientation, embedded at the centre of a compressively loaded panel. Circular and elliptical 
shapes are considered; elliptical delaminations are orientated vertically with or perpendicular to 
loading direction. To clearly distinguish the effect of each parameter, elliptical delaminations 
have a long-to-short axis ratio of 3. Four delamination sizes, 10,20,40 and 60mm longer axis 
length, are studied. Strain gauge pairings located across and close to the edge of the 
delarnination are intended to monitor sublaminate behaviour and the potential propagation of 
failure. Before this work is undertaken however, verification work is required to assess the 
quality of an artificially created delamination. This chapter has the following aims: 
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* To verify that an artificial delamination of suitable good quality can be created within a 
laminate. 
* To understand the mechanical behaviour and deformation process of delaminated panel 
specimens, by comparing them to the intact panel responses determined in Chapter 5. 
e To deten-nine for a particular delamination shape/orientation, the relationship between 
delamination area to the compressive strength of panels. 
To examine the above relationships, and hence determine the respective effects of each of 
the delamination parameters considered. 
To examine sublaminate buckling response to the above findings. Particular attention is paid 
to the potential propagation of the artificial delamination. 
Some of the work presented in Chapter 6 can also be found in the literature [63]. 
Chapter 7 Comparison of impacted and artificially delaminated panels 
Damage tolerance assessment of impacted and artificially delaminated panels loaded in 
compression is discussed earlier in Chapters 5 and 6 respectively. The objective of this chapter 
is to make an overall and localised comparison of the two panel types. The former primarily 
focuses on damage tolerance and hence questions the use of an artificial delamination to 
simulate impact damage. While the latter concentrates on localised deformation at or close to 
the damage site. 
Chapter 8 Conclusions and recommendations 
In each respective chapter detailed conclusions are presented, this chapter highlights the main 
conclusions drawn from the work undertaken and provides suitable recommendations. 
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Chapter 2 
2. Composite systems., laminate fabrication and determination of 
mechanical properties 
In this chapter a description of the two carbon/epoxy composite systems used by the project is 
first given. The procedures used to fabricate laminate material are described and a curing cycle 
is selected. Finally, mechanical property testing is performed; subsequent chapters use the data 
generated in this section to make analytical predictions. 
Z1. Composite systems 
Low Temperature Moulding (LTMO) prepreg materials, developed by the Advanced 
Composites Group (ACG) [64], have lower curing temperatures (20-100'C) than conventional 
prepreg materials. They have been used in aircraft prototyping applications since 1991, when 
substantial savings in tool costs were first demonstrated. Since then a complete range of LTM 
prepreg materials has been developed for a range of applications [65]. However, it must be 
pointed out they are no less expensive than conventional prepregs. Also, as with conventional 
prepregs, LTM prepregs consist of a base epoxy resin (thermosetting resin), a blend of curing 
agents and maybe some additional agents to affect flow or toughen cured composite. For the 
current project, two LTM 45-EL based systems were selected for testing and both of these use 
carbon fibres manufactured by Toray [66]. LTM 45-EL based systems [67] have been used on 
the following programmes: 
Lockheed Martin/Boeing Darkstar Tier III UAV - recognisance vehicle [68]. 
Boeing Delta Launcher - satellite launch vehicle [68]. 
X-34 - reusable launch vehicle [68-70]. 
2 1.1. Uni-directional (UD) T7001L TM 45-EL 
The uni-directional (UD) T700/LTM 45-EL composite system uses Toray's T700 high strength 
(HS) carbon fibre. This material was purchased from ACG in the form of a standard 300mm 
wide prepreg roll. The uni-directional prefix indicates that all fibres within the prepreg (or the 
resulting laminate ply) are aligned in a single orientation. Manufacture of the laminate is 
discussed in Sections 2.2 and 2.3. As limited mechanical property data exists within the public 
domain, mechanical property testing is performed in Section 2.4. 
2 1. Z Woven roven (WR) T3001L TM 45-EL 
The Woven roven (WR) T300/LTM 45-EL composite system uses Toray's T300 high modulus 
(HM) carbon fibre. Unlike the T700ALTM 45-EL system discussed above, this material has 
been supplied to the project in laminate form. Information on the cooking procedure used in the 
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fabrication of the laminate can be seen in Table 2.1. This woven roven plain weave laminate 
consists of 9plies all aligned in the 0'/90' direction, and although un-symmetric it is balanced; 
Fig. 2.1 illustrates its fabric pattern. The nominal thickness of the laminate is 2.36mm. Also, 
unlike the T700/LTM 45-EL system, mechanical property data existed for this system, and was 
produced by two earlier projects using the same laminate sheet used here [71-72]. Table 2.2 
summaries the work performed by these two projects and Table 2.13 lists the mechanical 
properties of this system. 
2.2. Laminate fabrication of T700ILTM45-EL 
As the VvIR T300/LTM 45-EL system was supplied to the project in a laminate forin, this 
section will first describe the UD T700/LTM 45-EL prepreg roll, then the procedures used to 
fabricate laminate material. 
ZZ 1. Description of prepreg material 
Prepreg tape consists of three separate layers, these are shown in Fig. 2.2. The UD 
carbon/epoxy ply is sandwiched between two protective layers, with the UD carbon fibres 
running along the length of the roll. The brown layer is shiny on both sides, where as the white 
layer is only shiny on the side in contact with the carbon/epoxy. The other side of the white 
layer has a rough paper finish; if this surface comes into contact with the carbon/epoxy it will 
contaminate it. The rough paper finish is used to mark out the desired cutting pattern. Prepreg 
material has a shelf life and must be kept at a certain temperature; LTM 45-EL requires storage 
at -I 8'C and the manufacturers recommended shelf life is 18 months. The roll is kept in a bag 
to stop contamination from foreign particles; to minimise water contamination a silicon 
moisture absorbing sachet is placed inside the bag. 
2-ZZ Ply configuration 
The most common ply configuration employed in aircraft structures consists of plies of 00, 
±450, and 90', where the angles are taken with respect to the principal load axis, e. g. the 
spanwise direction in the case of a wing. Essentially, the 0' fibres provide for the direct loads in 
the principal direction, the ±45' plies for the torsional loads about this axis, and the 90' plies for 
the transverse loads. The proportion of plies used in each direction depends on the particular 
application. Thus, the skins for a sandwich panel used as a torsion box may consist largely of 0' 
and ±450 plies with a small number of 900 plies. Whereas, the skins for a sandwich panel used 
for a floor beam may have equal proportions of 0' and 90' plies. To avoid distortion, the plies 
are usually oriented symmetrically about the midplane of the laminate, with equal numbers of 
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+45' and -45' plies. Given the above, this project will primarily focus on a generic symmetric 
Quasi-Isotropic (QI) laminate with the following lay-up (45'/900/-45'/0'),,,. Fig. 2.3a-b 
illustrates such a lay-up for a 150xlOOnirn specimen used by the Compression-After-Impact 
(CAI) rig, Chapters 5 and 6. 
ZZ3. Cutting of prepreg material 
To manufacture the laminate shown in Fig 2.3a-b, a cutting pattern was required. When 
designing a cutting pattern the following issues must be considered: 
" The pattern must adhere to the fixed roll width of 300mm. 
" All fibres in a ply must be continuous. 
" The pattern must be economically efficient. 
" The pattern must produce a laminate of high quality. 
Fig. 1.1.1 (Appendix 1.1) shows the cutting pattern used to make two 150x 1 OOx2mm laminates. 
Although it may appear at first glance that the ±45' plies are labelled incorrectly, they are in fact 
correctly labelled. This is a result of the fact that during the lay-up procedure the white paper 
layer which has the cutting pattern marked on it, was removed first and the ply was rotated and 
presented face down to the laminate, hence a -45' ply becomes a +45' ply. 
The prepreg material was cut to the required size and orientation with the use of either a rotating 
disc-cutting guillotine or a scalpel. A schematic of the cutting/lay-up table is shown in Fig. 1.1.2 
(Appendix 1.1). Using the alignment bar and length indicator on the guillotine, the 0' and 90' 
plies were cut directly off the prepreg roll. The ±45' plies however were much more tabour 
intensive to produce and the cutting pattern required marking out. To do this, a fine felt tip pen, 
steel rule and 450 set square were used. With the prepreg mounted on the glass tabletop and the 
ruler aligned to the line to be cut, the scalpel was then used to perform the cut. Particular 
attention was paid in assuring that the scalpel cut the prepreg cleanly and did not drag the fibres 
out of orientation. Hence, the scalpel blade was regularly replaced. Appendix 1.1 describes the 
cutting procedure in greater depth. 
ZZ4. Lay-up procedure 
Once all the plies had been cut to the required size and orientation, they were laid one top of 
another to form the desired laminate. Lay-up was performed on the glass section of the 
cutting/lay-up table Fig. 1.1.2, the L-shaped set square was used in the positioning of the plies. 
Unlike the cutting procedure, handling issues with regard to ply contamination and temperature 
become more prevalent in the lamination procedure, as the ply inevitably became exposed. In 
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particular, the surface of the ply was touched by hand during its positioning onto the laminate. 
However, ply handling temperature was found to be the more critical issue, and directly affected 
the level of contamination. This resulted from the fact that the LTM 45-EL is a low temperature 
curing epoxy and at only moderately elevated temperatures (about 20'C) the epoxy begins to 
soften and becomes sticky to the touch. This problem was compounded by the fact that each Ply 
was very thin (0.15mm) with a large surface area, hence enabling high heat transfer rates to 
occur. From experience, once a ply has been taken out of the freezer, successful lay-up of that 
ply must be completed within two minutes, past that time frame the ply will become 
unworkable. Fortunately, if unsuccessful, the ply can be replaced back into the freezer for 
another attempt. 
To keep track of the lamination progress, a lay-up checklist was used. If quality control issues 
arose at a later stage, it was referred to. Appendix 1.2 describes the lay-up procedure in greater 
depth and gives an example of a checklist, Fig. 1.2.1. 
ZZ5. Curing procedure 
The curing procedure concludes laminate fabrication. Curing of the laminate was performed in 
an autoclave; cure and postcure cycles for the LTM 45-EL system, from reference [67], are 
illustrated in Fig. 2.4. During the curing cycle liquid resin is converted into a hard rigid solid by 
chemical cross-linking, which leads to the formation of a tightly bound three-dimensional 
network. The mechanical properties of which depend on the molecular units making up the 
network and on the length and density of the cross-links. The fon-ner is detennined by the 
chemicals used in the system, while the latter is controlled by the curing procedure itself. A 
postcure is performed to improve the temperature capability of the resulting laminate and to 
restart the reaction process so that un-reacted material can be allowed to react. If un-reacted 
material is allowed to react, the cross-linking density is increased, which will lead to an 
enhancement in the mechanical properties of the matrix. 
Fig. 2.5 shows the stacking sequence of the different materials required in the curing process. 
Either side of the carbon/epoxy laminate Porous PTFE sheets allow excess resin and trapped air 
to escape from the laminate's exterior surface. Bagging film either side of that stops both excess 
resin and air. At the end of the curing cycle if there is any excess resin left, it is found on both 
the Porous PTFE and Bagging film layers; therefore these four layers are used only the once. 
The Non-porous PTFE layers are included as a safeguard to the Bagging film layers should 
these layers fail. The mild steel Caul plate keeps the different layers flat. The weight and 
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flatness of the Caul plate is of importance, as it directly effects the thickness and surface finish 
of the resulting laminate. The Bleeder fabric on top of the Caul plate was a thick porous 
material; it allowed trapped air to escape from the assembly once the large bagging film over 
the whole assembly is sucked down onto the stack. A vacuum was created under the large 
bagging film and an 80psi air pressure was created above it. Beneath the stacking sequence the 
autoclaves cooking plate followed the desired heating cycle. Appendix 1.3 gives a description of 
the autoclave, and the step-by-step procedure used in the fabrication of laminates. 
23. Curing cycle selection 
As the mechanical properties of the LTM 45-EL system depend upon whether or not the system 
has received a postcure after its initial cure; determination on whether or not a postcure Is 
required must be undertaken before any testing can be performed. To assess the effect of a 
postcure, Short Beam Shear (SBS) and Flexural tests were used to respectively measure the 
Interlaminar Shear (ILS) and flexural strength of specimens made from laminate that had, and 
had not, received a postcure. As the mechanical properties of the matrix dictate the ILS strength, 
a comparison of SBS results indicates what effect a postcure has on the system. In contrast, as 
the fibres are the dominant constituent in the Flexural tests, little to no change in flexural 
strength should be observed from specimens made from either laminate. 
Two 4mm thick Q1 laminates (45'/90'/-450/00)4siwere fabricated for testing purposes. Both 
laminates were made from the same prepreg batch material and fabricated in the same manner 
as that described in Section 2.2. Both laminates received the same initial cure, however after this 
was complete, one laminate was removed from the autoclave and the other went on to receive a 
postcure. The following two sub-sections describe and present the results from the SBS and 
Flexural tests respectively; Section 2.3.3 compares the results and summaries the work. 
23.1. Interlarninar shear tests (SBS - Short Beam Shear) 
The aim of the SBS test was to determine the ILS strength (r. ) of both the cured and 
postcured laminates. The following method was based on ASTM D2344/D2344M-00el [73]. 
Specimen geometry and manufacture 
A schematic of an interlaminar shear test specimen can be seen in Fig. 2.6a. With a gauge 
length of 16mm, the specimens span length-to-thickness ratio, Llt = 4. Using the cutting 
technique described in Appendix 1.4, six 20x4mm variant test specimens were cut from both 
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types of cured laminate. The width and thickness of each specimen was then measured and 
recorded at its mid span with the use of a Vemier caliper. 
Experimental set-up 
Fig. 2.7 illustrates the three-point bend test rig used to perform the SBS tests. A modified 
machinists vice was used to provide a simply support condition to the specimen. Unlike the test 
standard, 6mm diameter supports are used instead of the recommended 3mm. With the loading 
pad fitted to the Mand machine's crosshead (Appendix 11.1) a slip gauge was used to position 
the fixed section of the vice squarely to the loading head. The vice was then fixed to the Mand 
machine's base plate, the loading head was raised and the slip gauge was removed. To get the 
desired gap between the two supports a second slip gauge was used, as shown in the diagram. 
The adjustable section of the vice was tightened to stop movement during testing. A setsquare 
was used in the positioning of a specimen. 
Test procedure 
A ramp rate of 5mm/min was used on all interlaminar shear specimens tested. An Orion data 
logger and associated personal computer (Appendix 11.3) were used to collect load and 
displacement data from the Mand machine; the data logger collected data at a rate of I 
sample/second and was initialised once the loading pad was positioned just above the specimen. 
Results and discussion 
Example stress-displacement responses can be seen in Fig. 2.8; a linear response to loading is 
observed for all specimens tested. The ultimate load, Pult, of each curve was used to calculate 
the ILS strength, -c., of a specimen: 
Tmax - 
3P,,, 
4bt 
(2.3-1) 
Individual test results are tabulated in Table 2.3a-b; Table 2.3c summarises them. From Table 
2.3c it can be seen that the cured specimens had a greater ILS strength (22.8%) than the 
postcured specimens. The standard deviation on testing was acceptable. 
2.3.2. Flexural tests (3-point bend) 
The aim of the flexural test was to detennine the flexural strength (cy,. ) of both the cured and 
postcured laminates. The following method was based on ASTM D790-99 [74]. 
Specimen geometry and manufacture 
A schematic of a flexural test specimen can be seen in Fig. 2.6b. With a gauge length of 80mm, 
the specimens span length-to-thickness ratio, Llt = 20. Using the cutting technique described in 
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Appendix 1.4, three 87x4mm variant test specimens were cut from both types of cured laminate. 
The width and thickness of each specimen was then measured and recorded at its mid span with 
the use of a Vemier caliper. 
Experimental set-up and test procedure 
The same experimental set-up and test procedure was used here as that described for the short 
beam shear tests (Section 2.3.1), however the vice used in the test was repositioned to the 
crosshead to account for the larger test specimen length. Unlike the test standard, the loading 
nose and supports are 6mm in diameter instead of the recommended 5mm. 
Results and discussion 
Example stress-displacement responses can be seen in Fig. 2.9; a linear response to loading was 
observed for all specimens tested. The peak load of each curve was used to calculate the flexural 
strength, a,,., of a specimen. As the deflection of beam at failure was less that 10% of the 
support span, the following equation is used: 
07 
mx 
3Pul, L 
2bt 2 
(2.3-2) 
Individual test results are tabulated in Table 2.4a-b; Table 2.4c summarises them. From Table 
2.7c it can be seen that the postcured specimens has a marginally greater flexural strength 
(2.4%) than the cured specimens. However, as the results for both types of specimen lie within 
each other's standard deviation, they are considered as having the same flexural strength. The 
standard deviation on testing was acceptable. 
2.3.3. Conclusion 
SBS and Flexural tests were performed to assess the effect of a postcure on the Q1 T700/LTM 
45-EL system. As expected, flexural strength results from cured and postcured specimens were 
virtually identical. However, a significant decrease in the ILS strength (22.8%) of postcured 
specimens was observed. Although a change in the ILS strength of this sort of magnitude was 
expected, it was not expected that a postcure would decrease the ILS strength of a laminate. The 
effect of the postcure should have been to increase the amount of chemical cross-linlcing within 
the matrix, and hence increase the ILS strength. Why the postcure had such a detrimental effect 
on the ILS strength, can not be explained. Although tempting to speculate that the postcure 
cycle damaged the laminate, it would not explain the near identical flexural strength results. 
Given the above and manufacturing considerations, it was decided that all laminate material 
made for future experimental work, from UD T700/LTM 45-EL, would only receive the cure 
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cycle. However, it must be noted that the AIR T300ALTM 45-EL system described in Section 
2.1.2 did receive a postcure. 
2.4. Mechanical property tests of UD T700ILTM 45-EL 
In this section the uni-directional mechanical properties of the T700/LTM 45-EL system will be 
determined. Each of the following subsections describe individual mechanical property tests 
used to determine specific mechanical properties; the results from each test type are then 
presented and discussed. All test methods except the Mode II fracture toughness test (Section 
2.4.7) were based on ASTM test methods, and all methods recommend at least five specimens 
per test condition unless valid results could be gained through the use of fewer specimens. The 
mechanical properties of both the WR T300/LTM 45-EL and UD T700/LTM 45-EL composite 
systems are presented in Section 2.5. 
One 2mm thick and two 4mm thick UD laminates were fabricated for testing purposes. All 
three laminates were made from the same prepreg batch material and fabricated in the same 
manner as described in Sections 2.2. The 4mm thick laminate manufactured for the fracture 
toughriess tests had an artificially delamination embedded within it, on its central plane. The 
material used to create the artificial delamination was Fluonnated Ethylene Propylene (FEP) 
film, Chapter 6 examines the use of this film. All specimens were cut to size from the desired 
laminate using the cutting technique described in Appendix 1.4. Unless otherwise stated, a 
Mand universal test machine (Appendix 11.1) was used to perform all tests. Furthermore, a data 
acquisition system consisting of an Orion data logger linked to a personal computer (Appendix 
11.3) was used to collect test data. Appendix 11.4 gives a description of the different types of 
strain gauges used during testing and the method by which a standard strain gauge was bonded 
to a specimen's surface. 
Z4.1. Uniaxial tensile test 
The aim of the tensile test was to determine longitudinal and transverse tensile elastic modului 
(El 1 and E22), Poisson ratios 
(V 12 and V2 1), tensile strength (a II ult and U22u, t) and strain at failure 
(cit andE2t). The following method was based on ASTM D3039/D3039M-00 [75]. 
Specimen geometry and manufacture 
A schematic of a longitudinal tensile test specimen can be seen in Fig. 2.1 Oa. The gauge section 
of the specimen is lOOx2Ox2nun. Five longitudinal and transverse 200x2Omm test specimens 
were cut from the 2mm thick UD laminate. To ensure constant cross-sections the width and 
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thickness of each specimen was then measured and recorded at 20mm regular intervals with the 
use of a Vernier caliper. Masking tape was used to protect a specimen's gauge section during 
specimen manufacture. Using P400 grit wet and dry paper both the ends and sides of each 
specimen were roughened, this was done to ensure good adhesion to the alurninium tab sections 
shown in Fig. 2.1 Oa. The masking tape was then removed and each specimen was cleaned with 
degreasing agent. 
Using a metal guillotine, aluminium. strips 50x 1 00mm were made from 1.6mm thick aluminiurn 
sheet. The 2mm charnfer illustrated in Fig. 2.1 Oa, was machined onto one end of each strip with 
the use of a milling machine. The guillotine was then further used to cut the strips to the 
50x20mm tab size. To ensure good adhesion between the laminate and the tab, and a good 
mechanical grip between the gripping jaws and the tab, each tab was shot blasted on both 
surfaces with plastic beads. Once complete each tab was thoroughly cleaned and degreased. 
Two tab sections were bonded to a specimen at a time. Depending on the test to be performed, 
two different types of araldite adhesive were used to bond the tab sections to a specimen, the 
properties of each adhesive can be seen in Table 2.5. Once thoroughly mixed, a thin uniform 
coating of the adhesive was applied to the back of a tab section. The tab was then positioned 
onto a specimen and held fmnly in place with masking tape wrapped around itself and the 
specimen. Clamping pressure was further applied through the use of a bulldog clip; two pieces 
of non-stick PTFE material were used to stop the clip from becoming stuck to the specimen. 
With both ends of the specimen bonded to a tab section, the whole assembly was placed inside a 
preheated oven for the desired cure time. This technique was then repeated for the remaining 
two tab sections. 
Experimental set-up 
To determine elastic modului, Poisson's ratio and strains at failure, strain gauges were bonded 
to the centre of each specimen's gauge section. TML FCA-3-11 two-element 90' rosettes were 
bonded to the longitudinal test specimens, where as TML FLA-3-11 single-element strain 
gauges were bonded to the transverse test specimens. The minor Poisson's ratio, V21, was 
determined through the use of the reciprocal equation, and is discussed later. 
As the Mand machine's tensile grip fittings were limited to a maximum load of 20kN, this 
machine could not be used to determine the longitudinal tensile strength, c7ult, 1, and strain at 
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failure, cit. To determine these properties the longitudinal test specimens were reloaded to 
failure on the Denison test machine (Appendix 11.2). 
Experimental set-up - Mand machine 
Fig. 2.11 a illustrates one of the two tensile test grips that was used for testing. Once the 
specimen was installed into the bottom-gripping unit, the top-gripping unit attached to the Mand 
machine's crosshead was lowered to a suitable location. On fitting the top-gripping inserts and 
bridge, great attention was paid to aligning the specimen squarely in the grip pairing. Sufficient 
rotational slack within the grip pairing meant that on loading, the pairing would align squarely 
to one another. 
Test procedure - Mand machine 
A ramp rate of 2mm/min was used on all the tensile specimens tested. The data acquisition 
system was used to collect load and displacement data from the Mand machine and strain data 
from the specimen. The data logger collected data at a rate of I sample/second and was 
initialised once the specimen had been fitted into the top-gripping unit. The test was conducted 
once a sufficiently small pre-loading of the specimen had been achieved to stop slippage within 
the grips. As soon as a load level of 20kN was achieved the test was halted and the intact 
specimen was slowly unloaded. 
Results and discussion - Mand machine 
Stress-strain plots for the longitudinal and transverse tensile test specimens can be seen in Fig. 
2.12 and Fig. 2.13 respectively. Both plots show linear responses to loading, for 0' and 90' 
(longitudinal test only) strain gauge orientations. Elastic modului (El 1 and E22) for individual 
tests was determined from the initial slope of the curve using a strain range of 0.1-0.3%, [75], 
and calculated by: 
Echord - 
Au 
AE 
where: 
E, h,,, d - tensile chord modulus of elasticity 
Au- difference in applied tensile stress between the two strain points 
Ae - difference between the two strain points (nominally 0.2%) 
The major Poisson's ratio, V12, was also determined using this same strain range and given by: 
V12 
Act 
Ael 
(2.4-2) 
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where: 
Act - difference in transverse strain between the two longitudinal strain points 
Ael - difference between the two longitudinal strain points (nominally 0.2%) 
The minor Poisson's ratio, V21 was determined through the use of the reciprocal equation: 
V12 
- 
V21 
(2.4-3) 
EI I 
E22 
At this stage only the transverse tensile strength, GUM, could be calculated, by: 
Gult -",: 
Pult (2.4-4) 
bt 
The results for individual specimens are tabulated in Table 2.6a-b; Table 2.6c summarises them. 
From the tables it can be seen that excellent repeatability of results exists for both elastic 
modului and hence Poisson's ratio. However, there was 10.6% standard deviation in the results 
for transverse tensile strength, GUM, and a 12.7% deviation for the strain at failure, F-2t, This was 
a result of specimen E failing at a lower load than expected. This specimen during testing 
proved particularly difficult to set-up correctly, and the first attempt at loading the specimen was 
aborted due to significant grip slippage. In the end significant pre-loading of the specimen was 
required in order to ensure good mechanical grip. 
Experimental set-up - Denison machine 
Fig. 2.1 lb shows a picture of the Denison machines tensile test grips and associated equipment. 
A calibrated LVDT not shown in the picture was fitted to the Denison loading plate to measure 
the displacement of the plate; its inclusion is discussed later. Once the specimen was installed 
squarely into the bottom grip pairing, the loading plate was raised to a suitable location for the 
top grip pairing to be fitted. Operation of the Denison machine is discussed in Appendix 11.2. 
Test procedure - Denison machine 
As described in Appendix 11.2 the Denison machine is a load controlled machine, not the 
preferred displacement control type. Also, to compound the problem, load control was achieved 
via the operator looking at the display readout and making alterations to the machine as was 
deemed necessary to maintain a constant loading rate, in effect the operator "drove" the 
machine. To take account of this, suitably stiff metal specimens were tested at a range of 
loading rate settings. The aim of this was twofold; firstly to determine if a predetermined 
loading rate could be easily maintained throughout the entire test by both the machine and the 
operator, and secondly to use the data gained form the LVDT to determine roughly what ramp 
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rate the loading rate corresponded to. It was decided that a loading rate of 0.3-0.4kN/sec would 
suffice. 
The data acquisition system was used to collect load data firom the Denison loadcell, 
displacement data from the LVDT and strain data from the specimen. The data logger collected 
data at a rate of I sample/second and was initialised before the specimen was fitted into the top 
grip pairing. No pre-loading of the specimen was required as the mass of the top-gripping unit 
and the spring force on the bottom-gripping unit was sufficient enough to prevent slippage. 
'n - Results and discussion - Denison machine 
A stress-strain plot of the longitudinal tensile test specimens tested to failure can be seen in Fig. 
2.14. For a qualitative comparison, data generated from the testing of specimen C on the Mand 
machine is also plotted on this figure. From this plot it can be seen that good repeatability of 
results exists, and the slopes of the stress-strain curves generated on the Denison machine are 
near identical to that generated on the Mand machine. For all tests, fibre breakage was heard just 
before ultimate load was achieved, its occurrence is confirmed on the curves as sharp drops in 
load. Ultimate failure of all specimens was catastrophic, and longitudinal tensile strength, atnt, I, 
was calculated using Eq. (2.4-4). Individual specimen results are tabulated in Table 2.6a-b; 
Table 2.6c sunimarises them. Standard deviation of the longitudinal ultimate mechanical 
properties was acceptable. 
Z4. Z Uniaxial compressive test (Celanese) 
The aim of the compressive test was to determine longitudinal and transverse compressive 
elastic modului (Ell and E22), compressive Poisson ratios (V12 andV21), compressive strength 
(cy II ult and C722Lflt) and strain at failure (E 1, andF-2j. The following test method was based on 
ASTM D34 I O/D34 I OM-95 
ý[76]. 
Specimen geometry and manufacture 
A schematic of a longitudinal compressive test specimen can be seen in Fig. 2.1 Ob. The gauge 
section of the specimen is 12.7x6.35x2nun. Four longitudinal and transverse 139.4x6.35nim 
standard test specimens were cut from the 2mm thick UD laminate. Specimen preparation, 
manufacture of the tab sections and subsequent bonding of the tad sections to the specimens, 
was performed in precisely the same way as that described for the tensile test specimens, 
Section 2.4.1. In this case however, the aluminium tab sections were 63.35x6.35xO. 9mm in 
size; unfortunately this meant they had a tendency to become bent during manufacture and 
bonding to the specimen. 
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Experimental set-up 
To determine elastic modului, Poisson's ratio and strains at failure, strain gauges were bonded 
to the centre of each specimen's gauge section. TML FCA-2-11 two-element 90' rosettes were 
bonded to the longitudinal test specimens, where as TML FLA-2-11 single-element strain 
gauges were bonded to the transverse test specimens. 
Fig. 2.15 shows a cross-sectional schematic of the Celanese test rig. Once a specimen was fitted 
squarely into the bottom collet, half-inch slip gauges were used in the positioning of the top 
collet. On lowering the whole assembly onto the bottom female taper inside the Celanese 
cylindrical section, the strain gauge wires were threaded through one of the cylinders inspection 
holes to the outside world. Access to the slip gauges was also gained through the inspection 
holes. After carefully placing the top female taper onto the top collet, the loading plate was then 
added. The whole assembly was then positioned under a loading pad that was attached to the 
Mand machine's crosshead. Once ready for testing, the slip gauges were removed. 
Test procedure 
A ramp rate of 1.26mm/min was used on all the compressive specimens tested. The data 
acquisition system was used to collect load and displacement data from the Mand machine and 
strain data from the specimen. The data logger collected data at a rate of I sample/second and 
was initialised once the loading plate was positioned just above the Celanese test rig's loading 
plate. 
Results and discussion 
Unlike the tensile test specimens, the ultimate strength of the material in compression is not so 
easily determined. This is due to the fact that although the specimen will initially fail in 
compression, the two newly created broken halves of the specimen will still have load-carrying 
capability onto one another. Therefore, the compressive strength of the material is not the 
ultimate strength of the specimen; the former will in fact be smaller than the latter. After 
compressive failure has occurred, the two halves of the specimen will bend on ftnther loading 
due to the damage caused by the compressive failure. It is this initiation of bending and/or a 
noticeable change in the stiffness response of the specimen that will indicate that the 
compressive strength of the material has been achieved. 
The above issue is best illustrated in the examination of the transverse compressive test 
specimens, a stress-strain plot of these specimens can be seen in Fig. 2.16a. On examining this 
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plot two different types of response are apparent, both types show an initial linear response 
followed by an unstable divergence; the divergence of course indicates significant bending. 
Obviously, strain gauges on specimens H and J were positioned on the convex of bent 
specimens, where as the strain gauge on specimen L was positioned on the concave of a bent 
specimen. For specimens H and J, the compressive strength of the material was easily 
deten-nined, and deemed to be the point at which maximum compressive strain was recorded. 
For specimen L however, the compressive strength of the material could not be determined 
solely from this curve. 
Fig. 2.16b shows that the stress-displacement responses for all three transverse compressive test 
specimens are bilinear in nature. Furthermore, the points of intersection for specimens H and J 
correspond to same data points on the stress-strain plot that recorded maximum strain and hence 
the materials compressive strength. Therefore, the compressive strength of specimen L is 
determined from the stress-displacement plot. 
Stress-strain and stress-displacement plots of the longitudinal compression tests can be seen in 
Fig. 2.17a-b. Both of these plots exhibit similar responses to those described above, however as 
the fibres are the main load carrying medium in this test, unlike the transverse test where it was 
the epoxy, the change in stiffness at failure is less noticeable. Therefore, determination of 
ultimate strength of the material is much harder. 
In an attempt to identify the damage at compressive failure, for both fibre orientations, two 
diagnostic tests were performed. No additional information however was gained from these 
tests, as no external damage was visible. The desired mechanical properties were calculated 
using the same methods and equations described in Section 2.4.1. The results for individual 
specimens are tabulated in Table 2.7a-b; Table 2.7c summarises them. For all mechanical 
properties, except strain at failure, the standard deviation was very good. As strain at failure is of 
secondary importance to modulus and strength, no finther testing is done. 
2.4.3. In-plane shear test (losipescu) 
The aim of the in-plane shear test was to deten-nine in-plane shear modulus (G12) and the in- 
plane shear strength (TU1t12) of the material. The following test method was based on ASTM 
D3410/D341OM-95 [77], however it must be noted that this test method used much larger 
specimens (76x2Omm). 
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SPecimen geometry and manufacture 
A schematic of an losipescu in-plane shear test specimen can be seen in Fig. 2.10c. Five 
52x 13.5mm test specimens were cut from the 4mm thick UD laminate. Each specimen's sides 
and ends were then ground square to 51x 12.7mm dimensions on a surface grinder. A specially 
manufactured jig, Fig. 2.18, was used to hold the specimens while grinding. This jig was further 
used to manufacture the speýcimen's two notches, each notch being 20% of the specimen's 
height. The notches were cut with a two-fluted tungsten carbide tipped router fitted in a milling 
machine; two aluminium sacrificial plates placed either side of the specimen stopped the 
laminate from becoming damaged on milling. 
Experimental set-up 
To deten-nine shear modulus, a single TML FCA-2-11 two-elernent 90' rosette was bonded to 
the centre of the specimen's gauge section at a ±450 angle, see Fig. 2.1 Oc. Fig. 2.19 illustrates 
the Iosipescu test rig with a specimen positioned squarely in the rig, so that the specimen's 
notches align with the loading and reacting points. Two covering plates were then fitted onto 
each half of the rig and fastened into place with cap bolts. The whole assembly was then 
positioned under a loading pad that is attached to the Mand machine's crosshead. 
Test procedure 
A ramp rate of 1.26mm/min was used on all in-plane shear specimens tested. The data 
acquisition system was used to collect load and displacement data from the Mand machine and 
strain data from the specimen. The data logger collected data at a rate of I sample/second and 
was initialised once the loading pad was positioned just above the losipescu rig's loading ball. 
Results and discussion 
Two stress-strain responses from ±45' angle strain gauges can be seen in Fig. 2.20, for each in- 
plane shear specimen tested. For all tests, the response from the +45' gauge is roughly mirrored 
in the y-axis of the chart by the -45' gauge. Each curve is characterised by an initial linear 
response followed by a strain divergent one, and at some point on the diverging curve failure 
occurs. Initial failure of the specimen was accompanied with a fall in load. The shear strain in 
the specimen was calculated using the following equation: 
=-ex +6 
where: 
(2.4-5) 
F, - strain response from one of the gauges and Fy is the response from the other 
2-15 
Using a shear strain range of 4000 ± 200ps, starting with the lower strain point in the range of 
1500ýt& to 2500ýt& inclusive, [77], the in-plane shear modulus, G12, for individual tests was 
calculated by: 
Gchord - 
Ar (2.4-6) 
Ay 
where: 
G, h, d - shear chord modulus of elasticity 
A z- - difference in applied shear stress between two strain points 
Ay- difference between the two strain points (nominally 0.4%) 
The in-plane shear strength, TUR12, was calculated using the following equation: 
rult ":: -- 
Pult 
(2.4-7) 
At 
where: 
A- the distance between the roots of the two notches 
The results for individual specimens are tabulated in Table 2.8a; Table 2.8b summarises them. It 
can be seen from the tables that good repeatability of results exists for in-plane shear modulus 
and in-plane shear strength. The standard deviation on testing is excellent. 
24.4. Interlaminar shear test (losipescu) 
The aim of the interlaminar shear test was to deten-nine interlaminar shear modulus (G31) and 
the interlaminar shear strength (Tult3l) of the material. The following test method was based on 
ASTM D34 I O/D34 I OM-95 [77]. 
Specimen geometry and manufacture 
A schematic of an losipescu interlaminar shear test specimen can be seen in Fig. 2.1 Od. A single 
AN52mm rectangle (test section) was cut from the 4mm thick UD laminate and two 
II Ox52mm rectangles (tab sections) were cut from a 4.5mm thick quasi-isotropic laminate. To 
ensure good adhesion between the three sections when bonded together, both sides of the test 
section and a single side of each tab section were rubbed with P180 grit wet and dry paper, 
while placed on a surface table. Once complete, each section was thoroughly cleaned and 
degreased. Masking tape was then wrapped around the top and bottom 10mm ends of the test 
section. 
Using the SV409 Araldite system described in Table 2.5, a thin uniform coating of the adhesive 
was applied to the rubbed side of each tab section. The tab sections were then positioned 
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squarely and centralised onto each side of the test section, sandwiching it. This meant that a 
15mm overhang was left at each end of the test section, with 10mm of this overhang being 
protected by masking tape. Masking tape was then wrapped around the three-section stack to 
hold the sections firmly together. Additional clamping pressure was applied through the use of 
bulldog clips; non-stick PTFE material was used to stop the clip from becoming stuck to the 
three-section stack. The whole assembly was then placed inside a preheated oven for the desired 
cure time. 
Once cured, all masking tape was removed from the three-section stack. A surface grinder was 
then used to machine the stack's faces to the 12.7mm specimen thickness, and lengths to the 
51 mm specimen width. To hold the specimen while grinding, a four-part clamping jig was 
made. This jig was mounted onto the surface grinder and clamped to the two overhung ends of 
the test section. To ensure machining was square to fibre direction and that the central plane of 
the test section coincided with the specimen's central plane for the given thickness, the 
overhung ends were used as reference points. 
The two notches, each being 20% of the gauge section's height, were cut into the stack with the 
use of a two-fluted tungsten carbide tipped router fitted in a milling machine. Once these had 
been cut, the cutting technique described in Appendix 1.4 was used to cut the two overhung 
ends off. The ends were then reground square on the surface grinder with the use of a 
machinist's vice. Using the above cutting technique, 4.3mm thick specimens were cut off the 
three-section stack, they were then ground flat to 4mm thickness on the surface grinder. After 
each specimen was cut off the three-section stack, the end of the stack was ground flat. 
Experimental set-up and Test procedure 
To determine shear modulus, a single TML FCA-3-11 two-element 90' strain gauge rosette was 
bonded to the centre of the specimen's gauge section at a ±45' angle, see Fig. 2.1 Od. The same 
experimental set-up and test procedure was used here as that described for the in-plane shear 
tests (losipescu), Section 2.4.3. 
Results and discussion 
Two stress-strain responses from ±45' angle strain gauges can be seen in Fig. 2.21, for each 
interlaminar shear specimen tested. For all tests, the response from the +45' gauge is roughly 
mirrored in the y-axis of the chart by the -45' gauge. Each curve is characterised by an initial 
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linear response followed by a strain divergent one, and at some point on the diverging curve 
failure occurs. Initial failure of the specimen is accompanied with a fall in load. 
The desired mechanical properties were calculated using the same methods and equations 
described in Section 2.4.3. The results for individual specimens are tabulated in Table 2.9a; 
Table 2.9b surnmarises them. Unfortunately, for two of the tests, the closest available data 
(digital format) to the specified data range discussed above was slightly outside that which is 
specified in [77]. Regardless of this, it can be seen from the tables that good repeatability of 
results existed for interlaminar shear modulus and strength. In Section 2.3.1, the ILS strength of 
a quasi-isotropic laminate was found to be 68AMPa compared to 66.3MPa for the UD laminate 
tested here. Given that the matrix primarily dictates the ILS strength of a laminate, similar 
values should be expected. 
24.5. Flexural test (3-point bend) 
The aim of the flexural test was to determine flexural modulus (Ex) and flexural strength (cy., ax) 
of the material. The test method used here was the same as that described in Section 2.3.2, 
therefore only deviations from that test method are described. 
Deviations from test method 
A schematic of a flexural test specimen can be seen in Fig. 2.10e, a total of three 87x4mm 
variant test specimens were cut from the 4mm thick UD laminate. To determine flexural 
modulus, a TML FLA-5-11 single-element strain gauge was bonded to the centre of the 
specimen's tensile surface. Apart from recording load and displacement data, the data 
acquisition system was also programmed to record strain data from the specimen. 
Results and discussion 
A stress-strain plot of the flexural test specimens can be seen in Fig. 2.22. This plot shows a 
linear response to loading and final failure is the flexural strength, cy,,, a, of the specimen, 
calculated by Eq. (2.3-2). Flexural modulus (Ex) for individual tests was determined from the 
initial slope of the curve at a strain of 0.25%. The results for individual specimens are tabulated 
in Table 2.10a; Table 2.10b summarises them. It can be seen from the tables that good 
repeatability of results existed for elastic modului and flexural strength. In Section 2.3.2, the 
flexural strength of a quasi-isotropic laminate was found to be 786.2NWa, compared to 
1051.7MPa for the LJD laminate tested here. Given that fibre orientation primarily dictates the 
flexural strength of a laminate, a higher value should be expected. 
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2.4-6. Mode I fracture toughness test (DCB - Double Cantilever Beam) 
The aim of the DCB test was to determine the Mode I fracture toughness (Qc) of the material. 
The following test method was based on ASTM D5528-94a [78] and problems associated with 
the test method are described in [79]. 
Specimen geometry and manufacture 
A schematic of a DCB specimen can be seen in Fig. 2.1 Of. Three 229x25.4mm test specimens 
were cut from the 4mm thick UD laminate with an artificial embedded delamination within it. 
To ensure constant cross-sections the width and thickness of each specimen was then measured 
and recorded at 20mm intervals with the use of a Vernier caliper. Particular attention was paid 
to achieving the desired 53mm long artificial delamination within the specimen. To enable good 
adhesion between the specimen and the steel piano hinges, both contact surfaces were 
roughened. The contact surfaces on the specimen were rubbed with P400 grit wet and dry 
paper, whereas the hinges were shot blasted with plastic beads. Both the specimen and the 
hinges were then cleaned with degreasing agent. 
To stop adhesive from penetrating the delaminated region within the specimen, protective 
masking tape cut to size was stuck around the thickness faces of the specimen. Using the 
Precision Araldite system described in Table 2.5, a thin uniform coating of the adhesive was 
applied to the roughened side of each hinge. Each hinge was then positioned squarely onto one 
side of the specimen, sandwiching it (Fig. 2.1 Of). Masking tape was then wrapped around the 
hinges to secure their position to the specimen. Additional clamping pressure was applied 
through the use of bulldog clips; non-stick PTFE material was used to stop the clip from 
becoming stuck to the hinges. The whole assembly was then placed inside a preheated oven for 
the desired cure time. Once cured, the masking tape and any excess resin on the specimen's 
surface was removed with the use of a scalpel. 
Experimental set-up 
In order to make crack propagation visible during loading, white correction fluid was thinly 
pasted along one side of the specimen. Starting from the initial crack tip, 5mm pencil drawn 
divisions were added to the specimen; these were labelled at 10mm intervals by small paper 
markings stuck to the specimen's surface with sticky-tape, see Fig. 2.10f. A magnifying 
lens/fluorescent lamp was used to continuously monitor the crack propagation during the test. 
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A pair of hooks, each 25.4mm wide, were used to load the specimen's flush hinges. One hook 
was installed in the Mand machine's base plate while the other was fitted in the machine's 
crosshead. The hooks were positioned squarely to one another and a small degree of rotational 
slack was allowed; screw-thread slackness however was eliminated through the use of a 
fastening nut. Once the specimen was positioned between the two hooks, the hooks were 
separated so that aI mm travel was required to load the specimen. To ensure correct initiation of 
loading, the end of the specimen rested on a support. On loading, the end of the specimen lifted 
away from the rest and became unsupported. 
Test procedure 
A ramp rate of 5mm/min was used on all DCB specimens tested. The data acquisition system 
was used to collect load and displacement data from the Mand machine and triggered data from 
a manual button. The data logger collected data at a rate of I sample/second and was initialised 
once the loading hook required Imm of travel to load the specimen. 
During loading crack propagation was monitored continuously, and the triggering button was 
depressed each time the crack passed a 10mm marked interval. This meant that a load 
corresponding to a particular crack length could be deten-nined during post-test analysis of the 
data. At a total crack length, a,, of about 118.1nim (ao + 80mm) the specimen was unloaded at 
the same ramp rate. The test was halted when the displacement display once again read zero. 
Results and discussion 
A load-crosshead displacement plot of DCB test specimen B can be seen in Fig. 2.23. Also 
plotted on this figure is the crack length-crosshead displacement curve for specimen B. Similar 
load-crosshead displacement plots were obtained for the other two specimens tested. It can be 
seen from the figure that after a linear response to loading, crack initiation occurred at about 
65N; a sharp drop in load accompanied crack initiation. For all tests, after crack initiation, 
steady crack propagation was observed, and as the crack length increased the load carrying 
capability of the specimen slowly reduced. At a total crack length of 110.3mm, the specimen 
was unloaded at the same ramp rate, this unloading of the specimen closed the loop of the load- 
crosshead displacement plot. 
The Modified Beam Theory (MBT) method was used to calculate Mode I fracture toughness, 
Qc. The beam theory expression for the strain energy release rate of a perfectly built-in (that is, 
clamped at the delamination front) double cantilever beam is as follows: 
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Gic =3 
Pa (5,, 
2ba 
where: 
a- delarnination length 
Pa - load at length a 
(5,, - load point displacement at length a 
(2.4-8) 
In practice, this expression will overestimate Q, because the beam was not perfectly built-in 
(that is, rotation may occur at the delamination front). One way of correcting for this rotation, is 
to treat the DCB as if it contained a slightly longer delarnination, a+ JAI, where A was 
determined experimentally by generating the least square plot of the cube root of compliance, 
c113 , as a function of delamination length, as seen in Fig. 2.24. The compliance, C, is the ratio of 
the load point displacement to the applied load, 61P. The values used to generate this plot, were 
the load and displacements corresponding to the visually observed delarnination onset on the 
edge and all propagation values. Hence, Eq. (2.4-8) becomes: 
3P, 5,, 
Gjc - 2b(a 
,+ JAI) (2.4-9) 
Results for individual specimens are tabulated in Table 2.11 a-b; Table 2.11 c summarises them. 
24.7. Mode H fracture toughness test (ENF - End Notch Flexural) 
The aim of the ENF test was to determine the Mode 11 fracture toughness (Cnl,. ) of the material. 
As Mode H fracture toughness testing is still an active area of research with no truly 
standardised test; references [60,80-83] are used as a guide. 
Specimen geometry and manufacture 
A schematic of an ENF specimen can be seen in Fig. 2.1 Og. The specimens span length-to- 
thickness ratio, Llt = 30. Three l40x25.4mm test specimens were cut from the 4mm thick UD 
laminate with an artificial embedded delamination within it. Particular attention was paid to 
achieving the desired 35.4mm long artificial delamination within the specimen. The width and 
thickness of each specimen was then measured and recorded at 20mm intervals with the use of a 
Vernier caliper. 
Experimental set-up and test procedure 
The same experimental set-up was used here as that described for the short beam shear tests, 
Section 2.3.1 , 
however the vice used in the test was repositioned to the crosshead to account for 
the larger test specimen length. A ramp rate of 1.26mm/min was used on all in-plane shear 
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specimens tested. The data acquisition system was used to collect load and displacement data 
P-- - from the Mand machine. The data logger collected data at a rate of I sample/second and was 
initialised once the loading head was positioned just above the specimen's top surface. 
Results and discussion 
A load-displacement plot of the ENF test specimens can be seen in Fig. 2.25. This Plot shows a 
linear response to loading, final failure of the specimen is the load required to initiate crack 
propagation. Crack propagation was instantaneous and extended to the loading head. Mode 11 
fracture toughness, GII., of the specimen is given by: 
G 
qpUlt 2 ao' 1+0.2 
Ell 
2 
(2.4-10) llc - 16E, Ib2h3 
G31 ao 
where: 
h- cantilever thickness 
Results for individual specimens are tabulated in Table 2.12a-b; Table 2.12c summarises them. 
Z 5. Mechanical properties of both CFRP systems 
Tables 2.13 and 2.14 list the mechanical properties of both the WR T3004LTM 45-EL and UD 
T700/LTM 45-EL composite systems respectively. Although it is very tempting to compare the 
two composite systems mechanical properties, a true comparison can not really be made as 
unidirectional laminates are not generally used in engineering structures. These mechanical 
properties are used in all subsequent calculations where appropriate. 
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Carbon fibre 
running in 90' 
direction 
Carbon fibre 
running in 0' 
direction 
Figure 2.1 A plain weave lamina of the WR T300/LTM 45-EL composite system. Note that this 
figure has been exaggerated for illustrative purposes 
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carbon/epoxy ply 
W'hite protective layer 
- shiny side 
Brown protective layer 
- shiny on both sides 
White protective layer 
- rough paper side 
Figure 2.2 UD T700/LTM 45-EL prepreg roll 
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Figure 2.3a-b Laminate, a) co-ordinate scheme, b) example lay-up 
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Temperature 
180T 
-3'C/min. 
60'C 
20'C 
OOC 
Start I hr 20min. 19hrs End of 
Vacuum 80psi pressure 20min. cure cycle 
applied applied 21 hrs 
Figure 2.4 LTM 45-EL cure and postcure cycles 
8opsi 
Vacuum 
Silicon rubber seal 
bient 
Time 
27hrs End of 
40min. postcure cycle 
29hrs 33.3min. 
Bagging film, 650x650mrn 
Breather fabric, 200x 150mm 
Steel Caul plate, 152x 102x 12mm 
Non-porous Teflon, 170x 120mm 
Bagglug film, 190x 140n-tm 
Porous Teflon, 190x 140mm 
Laminate, 150x I 00mm 
Porous Teflon, 190x 140mm 
Bagging film, 190x 140mm 
Non-porous Teflon, 430x4lOmm 
Autoclave cooking plate (Plate 3) 
Vacuum line, located at the rear of the 
Autoclave cooking plate 
Figure 2.5 Stacking sequence used in curing procedure 
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a) Interlaminar shear (SBS - Short Beam Shear) 
Yb= 4mm 
Thickness, t= 4nim 
------------- -- ------ 
No x Span 
length, L= 16nun . -. Llt =4 
Central ply 
fibre 20mm 
orientation 
Plan view underside 
b) Flexural (3-point bend) 
Central ply 
fibre 
orientation 00 
ýb=4mrn Thickness, t= 4mm 
--------------------------------------- -------- 
Span length, L= 80mm Llt 20 
Plan view underside 
Figure 2.6a-b Schematics of, a) Interlaminar shear (SBS - Short Beam Shear), b) Flexural (3- 
point bend) test specimens - quasi-isotropic lay-up 
SBS test 
specimen 
Slip gauge 
Figure 2.7 The three-point bend test ng (Interlan-unar shear and Flexural tests) 
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the unit onto 
ýhe Mand equipment - made from a 
machines base plate modified precision vice 
80 
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20 
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0 
A- Cured 
B- Cured 
A- Postcured 
B- Postcured 
Figure 2.8 Example interlaminar shear test (SBS) results for cured and postcured quasi- 
isotropic specimens 
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B- Postcured 
Figure 2.9 Example flexural test (3-point bend) results for cured and postcured quasi- 
isotropic specimens 
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0 0.1 0.2 0.3 0.4 0.5 0.6 
Displacement, mm 
023456 
Displacement, mm 
a) Tensile specimen b) Compressive specimen (Celanese) 
One of four alun-ýnium tab 
sections. Shot blasted surfac( 
ensure good adhesion betwe, 
the laminate and the tab, and 
good mechanical grip betwel 
the gripping jaws and the tat 
0.9mm thick 
aluminium 
Chamfer - to reduce stress 
concentration. A milling 
machine is used in their 
manufacture 
n 
Longitudinal compressiv 
test specimen (Celanese), 
gauge section 
12.7x6.35x2mm (Based 
on ASTM D34 10) 
TNIL FCA-2-11 two- 
element rosette 
200nun I-- 13 
35mm 
35nu-n 
TML FCA-3-11 
two-element rosette 
Longitudinal tensile 
test specimen, gauge 
section lOOx2Ox2mm 
1.6mm thick 
aluminium 
0' - longitudinal 
fibre direction 
A 
im 
00- 90' - transverse 
fibre direction 
Notes: 
" All specimens were cut from the same 2mm 
thick Uni-directional laminate 
" Longitudinal specimens use SV409 Araldite to 
bond tab sections to the specimen 
" Transverse specimens use Precision Araldite to 
bond tab sections to the specimen 
" Transverse specimens use longitudinally bonded 
single element strain gauges 
Figure 2.1 Oa-b Schematics of longitudinal Uni-directional, a) Tensile, b) Compressive 
(Celanese), test specimens 
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20mm 
mm 
c) In-plane shear (losipescu) 
y 
Fibre 
direction 
12.7mm-ý- 
51mm 
7" 45Tý 
Notch - 20% of specimen's 
height - 2.54mm 
d) Interlarninar shear (losipescu) 
z 
P, 
Fibre 
direction 
12.7mm 
Notch - 20% of gauge 
section's height - 0.8mm 
Total notch depth - 5.15nu-n 
e) Flexural (3-point bend) 
TML FCA-3-11 
two-element rosette 
Side view 
Quasi-isotropic 
laminate - tab section 
UD laminate - 
gauge section 
Araldite SV409 was 
used to bond specimen 
to tab sections 
Side view 
TMEL FCA-2-1 I single 
ýb 
4mm 
element strain gauge 
--5 ------------------------------ ------------- 
Span length, L 8ý0mrn . -. Llt = 20 
Fibre 
p 
direction 87mm 
Plan view underside 
Notes: 
All specimens are 4mm thick 
In-plane shear and Interlarninar shear specimen's had their sides and ends ground 
square on a surface grinder 
tnterlan-iinar shear specimen's had both faces ground flat on a surface grinder 
Notches on both the In-plane shear and Interlaminar shear specimens were cut 
with the use of a two-fluted tungsten carbide tipped router fitted in a milling 
machine 
Figure 2.1 Oc-e (cont. ) Schematics of, c) In-plane shear (losipescu), d) Interlaminar shear 
(losipescu), e) Flexural (3-point bend), test specimens 
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two-element rosette 
f) Mode I DCB (Double Cantilever Beam) 
bý 25.4mm 
0 
0 
Plan view 
White correction fluid 
allows crack propagation to 
be monitored during the test 
x 
Fibre direction 
FEP film - artificial 
embedded delamination 
311 121 
= 38,1 nun 
5mm pencil drawn divisions 
starting from delarnination edge. 
I cm intervals are labelled 
g) Mode 11 ENF (End Notch Flexural) 
FEP film - artificial 
embedded delamination 
Flush hinges 
used to load 
specimen 
Side view 
- ao = 25.4nim I Onim 
b 25.4nim --- ------------------------------------------------------------------------------ A 
Oro 
Span length L= 120nim Llt 30 
140mm 
Plan view 
Y 
Notes: 
All specimens were cut from the same 4mm. thick Uni-directional laminate. The 
x artificially delamination was embedded on the laminates central plane 
Fibre direction DCB specimens use SV409 Araldite to the bond flush hinges to the specimen 
Figure 2.1 Of-g (cont. ) Schematics of, 0 Mode I DCB (Double Cantilever Beam), g) Mode 11 
ENF (End Notch Flexural), fracture toughness test specimens 
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a) Mand machine's tensile test grips 
Bolt - rotational slackness 
exists within the bolt that 
connects the gripping unit 
to the Mand fitting. On 
loading the grip pairing 
will align squarely to one 
another. This means that 
the specimen will not be 
twisted on loading 
Although the bridge was 
not necessary for the 
transverse tensile tests, it 
was still used as it 
prevented the specimen 
from leaving the gripping 
unit after final failure 
Fitting - connected to Mand 
machine's crosshead 
I 
m LOAD 
Wf7H BRIDGE WrrHOUT BRIDGE - WO ,I 
PIECE PIECE 
2000kg. 1 000kg. 
Tensile test specimen 
b) Denison machine's tensile test gnps 
AWooden block - 
used to separate grips 
while the specimen is 
being positioned 
The gripping unit's 
channel section is given 
a coating of lubricant to 
ensure that a low ffiction 
contact between the 
grips and the channel is 
made 
Grip adjustment key 
and hole 
The bottom gripping unil 
is spring loaded to make 
specimen installation 
and testing easier 
Top gripping 
pair 
Longitudinal tensile 
test specimen -a 
setsquare was used 
to position the 
specimen squarely in 
the grip 
Bottom gripping 
pair 
Loading plate - 
loads specimen at 
0.3-0.4kN/second 
Figure 2.11 a-b Tensile test grips, a) Mand machine, b) Denison machine, with associated 
equipment (Tensile test) 
Top-gripping unit 
attached to the Mand 
machine's crosshead, 
limited to a maximum 
load of 20kN 
The gripping unit is 
spring loaded for ease of 
use. However, this 
loading is insufficient to 
stop specimen slippage 
Before installing the 
specimen, both the 
gripping inserts and the 
aluminium tab sections 
on the specimen were 
cleaned with 
degreasing agent 
The gripping unit's channel section is 
given a coating of lubricant to ensure that 
a low ffiction contact between the rear 
sides of the inserts and the unit is made 
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Figure 2.12 Mand machine tensile test results - Longitudinal specimens loaded to 20kN 
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Figure 2.13 Mand machine tensile test results - Transverse specimens 
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Figure 2.14 Denison machine tensile test results - Longitudinal specimens loaded to failure 
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Loading pad - 
connected to Mand 
machine's crosshead. 
Cap bolts - these fasten 
to gripping inserts on 
both collet pairings 
Cap bolts - these fasten 
the two halves of the 
collect pairing together 
clamping the specimen 
The collet pairings, tape 
sections and cylindrical 
section are given a 
coating of lubricant to 
ensure a low ffiction 
contact is made betweei 
the matting surfaces 
Before installing the 
specimen, both the 
gripping inserts and the 
aluminium tab sections 
on the specimen were 
cleaned with degreasing 
agent 
J mg Pins ensure square igg, 
alignment of the collet pairings 
and gripping inserts 
Loading plate 
Cylindrical 
section 
Top cylindrical 
female taper section 
(cross-sectional view) 
Top collet 
paiiing 
Compressive test 
specimen 
Inspection holes - 
allow strain gauge 
wires to exit the rig 
Bottom collet 
pairing 
Bottom cylindrical 
female taper section 
(cross-sectional view) 
Access hole allows for the 
extraction of internal mechanisms 
Figure 2.15 A cross-sectional schematic of the Celanese test rig (Compression test) 
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Figure 2.16a-b Transverse compressive test (Celanese) results, a) stress-strain plot, b) 
stress-displacement plot 
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Figure 2.17a-b Longitudinal compressive test (Celanese) results, a) stress-strain plot, b) 
stress-displacement plot 
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Cap bolt and nut 
secures specimen 
on grinding 
Notch - allows the router access 
to the specimen on milling 
Nylon tipped grub 
screws clamps the 
specimen on grinding 
igging pms ensure J, , 
square alignment of 
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Chapter 3 
I Plates under quasi-static transverse loading 
A parametric study was performed to assess the combined effects of various geometric 
parameters on the damage inflicted in thin carbon/epoxy circular plates under a quasi-static 
transverse load. The parameters of indenter size, nose shape, plate size and boundary condition 
were examined. 
11. Specimen geometry and manufacture 
In this chapter both the WR T3004LTM 45-EL and UD T700/LTM 45-EL composite systems 
will be tested. As the effect of boundary condition is examined, the peripheral clamping region 
of the specimen is critical, and sufficiently large specimens were required; Fig. 3. la-b shows 
schematics of small and large plate specimens. Using the cutting technique described in 
Appendix 1.4, eleven small and seven large plates were cut from the WR T300/LTM 45-EL 
laminate panel described in Section 2.1.2. A further two small plates were made from excess 
quasi-isotropic T700/LTM 45-EL laminate manufactured for the transversely impacted plate 
tests (Chapter 4). With the use of a Vernier caliper, the average thickness of each specimen was 
obtained by measuring the thickness at regular intervals around the plate's periphery. 
3. Z Experimental equipment 
As there is no true standard test method for performing quasi-static tests, a test rig needed to be 
designed and manufactured. A total of four differently shaped and sized indenters are examined, 
they are: 
" Indenter shape - Hemispherical ended or Flat-ended. 
" Indenter size - 8mm (small) or 20mm (large) diameter. 
At the centre of the Mand machine's crosshead (Appendix 11.1) a threaded attachment hole 
existed. As the matching bolt size to this fixture was greater than 20mm diameter, four bolts 
were used in the fabrication of the indenters. This method not only ensured that the indenter was 
attached squarely into the Mand machine, and hence perpendicular to a plate specimen, but as 
the bolt was made from hardened steel, wear and rigidity problems were addressed. A nut fitted 
to the indenters threaded section was tightened to the crosshead to eliminate play. A schematic 
of an example indenter fitted into the Mand machine's crosshead can be seen in Fig. 3.2. 
Two custom made supports were manufactured for the two different test diameters and support 
conditions to be tested, they were: 
9 Plate size - 40mm. (small) or 120mm (large) diameter. 
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9 Plate boundary condition - simply supported or clamped. 
Engineering drawings for both the small and large plate supports can be seen in reference [84]. 
Fig. 3.2 shows an example of a support assembled; each support consists of two parts, the base 
plate that the specimen sat on and if the clamped boundary condition was applied, a clamping 
ring. Cut out sections on the base plate enabled fixture to the Mand machine, and a groove in 
the bottom of the plate allowed for the passage of strain gauge wires. The clamping ring was 
fastened to the base plate with four bolts; jigging marks ensured correct alignment of the 
clamping ring to the base plate. The other set of bolts shown on the clamping ring were used to 
eliminate play in the system, these fasteneddown onto the base plate itself. 
3.3. Experimental set-up 
To keep track of all the tests to be performed a four-letter coding sequence was adopted; and if 
more than one test was to be performed with the same set-up, the sequence was followed with a 
test number. Fig. 3.3 illustrates the coding sequence that is used throughout this chapter, and 
Fig. 3.4a-d shows the geometric effect of varying each parameter. 
Test matrix and strain gauges 
Table 3.1 shows the test matrix; a total of 20 tests were performed. Sixteen of these tests loaded 
the specimen to complete failure, while the remaining four were diagnostic tests, that loaded the 
specimen to its first major failure, then unloaded it immediately. All the diagnostic tests were 
sectioned afterwards for microscopic examination. Optional tests not performed are also shown 
in the test matrix to illustrate all possible configurations. From the table it can be seen that TML 
FLA-3-11 single-element strain gauges (Appendix IIA) were bonded at various locations of the 
plate's surface depending upon plate size, the positions of these strain gauges are illustrated in 
Fig. 3. la-b. For the WR T300/LTM 45-EL specimens, great care and attention was paid to 
positioning the strain gauges so that they were in favourable locations; Fig. 3.5 illustrates 
favourable and unfavourable locations. An unfortunate consequence of using the 8mm strain 
gauge location on the top surface of a plate was that when a large indenter was to be tested this 
location became unavailable. 
Positioning of the support 
Due to the position of strain gauges on a specimens surface, correct alignment of the indenter to 
the centre of the specimen is critical. To achieve this, the base plate part of the support was first 
aligned to the Mand machines crosshead. With the large hemispherical indenter fitted in the 
crosshead, the testing hole in the base plate was aligned to the indenter with the use of a centring 
tool. Fig. 3.6 shows a drawing of the centring tool, the male fitting (40mm or 120mm dia. ) slots 
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into the base plate's testing hole, and the female fitting (20mm dia. ) received the indenter which 
was presented to it by incrementally lowering the Mand machine's crosshead. Once aligned, the 
base plate was fastened to the Mand machine's base plate. As the clamping ring automatically 
aligned itself to the base plate, only the centring of a specimen to the base plate was required. 
Positioning of the specimen 
Once the specimen's rear surface strain gauge wires were threaded through the groove in the 
base plate, see Fig. 3.2, the specimen was laid flat bridging the testing hole. The top surface 
strain gauge wires were then threaded through the bottom side of the clamping ring, which was 
then placed flat on top of the specimen. Although the clamping ring was not used for the simply 
supported boundary condition, it was used in the positioning of the plate. The clamping ring 
was then aligned to the jigging mark on the base plate and the four bolts that fasten the ring to 
the base plate were loosely fitted. To centre the specimen to the clamping ring, a transparent 
Perspex cylinder the same diameter as that being tested was slotted into the ring. This was 
gently pushed into the clamping ring until it just touched the specimen; at the bottom of this 
Perspex cylinder cross hairs indicated the centre of the hole. Using a steel ruler, the specimen 
was gently eased until the cross hairs marking its centre coincided with those on the Perspex 
cylinder; once achieved the cylinder was removed. 
For the specimens that were to be clamped, the bolts that fasten the clamping ring to the base 
plate were then incrementally and alternately tightened so that an evenly distributed clamping 
pressure is achieved. The torque to which the bolts were taken is unknown , but described as 
being "fmger tight", however as all tests were set-up by the same individual that used the same 
equipment, test repeatability was deemed to be good. It must be noted that at such low torque 
loads a torque wrench would probably have given as much, or perhaps more error than that 
performed by hand. Once completed, the set of bolts used to eliminate play in the system were 
fastened down to the same torque level. 
For the simply supported boundary condition the clamping ring was not required and had to be 
removed without disturbing the now aligned plate. To do this a light pressure was applied to the 
centre of the specimen by finger. The bolts that fastened through the clamping ring to the base 
plate were removed and once the edge of the clamping ring could be lifted off the specimen, 
pressure was applied to the specimen by a free hand. Once the clamping ring was completely 
removed, removable adhesive tack was used to maintain the specimen's position; before testing 
the tack was gently removed. 
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3.4. Test procedure 
The Mand machine was set-up in accordance with that outlined in Appendix 11.1. Before testing 
the specimen was checked for debris and the indenter was cleaned with a light oil and paper 
towel. For all tests a load range setting of I OkN and a ramp rate setting of 5mm/min was used. 
The Orion data logger and associated computer (Appendix 11.3) collected load and displacement 
data from the Mand machine and strain data from the specimen. The data logger collected data 
at a rate of 2 sample/second (lHz) and was initialised once the appropriate indenter was 
positioned just above the specimen's top surface. In some cases, video footage of the test was 
recorded on a Panasonic video camera (Model NV-MSAB); Table 3.1 shows which tests were 
recorded. As explained in Section 3.4, for the diagnostic tests, the test was halted immediately 
once the first major failure had been realised. In most cases this was a discernible drop in load 
with associated audible failure, and as the test to complete failure was perforined before the 
diagnostic test, the operator did have some idea as to when first failure was to occur. The tests to 
complete failure were halted once it became apparent that the plate would not offer any 
resistance to the indenter and penetration of the laminate was occurring. 
3.5. Analytical plate theory prediction 
To complement the experimental work, analytical plate theory was used as a tool to assess the 
effect of the various parameters; however it was envisaged that such plate theory would prove 
to be limited. The reasoning for this is simply because the experimental support conditions were 
not ideal, and some material characteristics could not be accounted for. Elber [12] presented 
modified plate theory conditions for immovable and moveable support conditions for both 
simply supported and clamped circular plates; these are examined later. With regard to material 
characteristics, how the modulus of elasticity should be modified for the conditions examined, 
what effect the weave fabric has, and how the indentation characteristics for each indenter 
should be modelled, is unclear. Therefore, it was decided that simple plate theory would be used 
and later adapted. As such, the following theory was based on small isotropic homogenous 
plates. 
3.5.1. Circular plates concentrically loaded and simply supported 
Fig. 3.7a illustrates the above configuration. From reference [85] the deflection of the inner 
portion of a circular plate concentrically loaded and simply supported is given by: 
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where: 
P- applied load 
D- Flexural rigidity, is given by: 
Et 
where: 
E- Young's Modulus 
v- Poisson's ratio 
(3.5-2) 
To obtain the deflection at the centre, substitute r=0 and P= 27rbqdb into Eq. (3.5-1) and 
integrate with respect to b: 
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Equation (3.5-3) is the deflection at the centre of a circular plate concentrically loaded and 
simply supported. 
3-5-Z Circular plates concentrically loaded and clamped 
Fig. 3.7b illustrates the above configuration. From reference [85] the deflection of the inner 
portion of a circular plate concentrically loaded and simply supported is given by: 
W= 
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2+r2 Xa 2 
-b 
2 
8irD a 2a 
2 (3.5-4) 
Where the flexural rigidity, D, is given by Eq. (3.5-2). To obtain the deflection at the centre, 
substitute r=0 and P= 2zbqdb into Eq. (3.5-4) and integrate with respect to b: 
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Eq. (3.5-5) is the deflection at the centre of a circular plate concentrically loaded and clamped. 
3.5.3. Circular plate point loaded 
Fig. 3.7a illustrates circular plate concentrically loaded and simply supported, if the radius c of 
the loaded inner portion is assumed to become infinitely small c => 0, Eq. (3.5-3) becomes: 
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Similarly for the clamped support condition Fig. 3.7b, Eq. (3.5-5) becomes: 
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Eqs. (3.5-6) and (3.5-7) are the deflections at the centre of a circular plate point loaded and 
respectively simply supported or clamped. 
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3.6. Results 
In this section the damage mechanisms that dictated the mechanical behaviour of each 
individual test are examined and identified. In Section 1.2 previous work in this area was 
discussed [12,18-29], this will therefore prove a useful starting point in perforrning the above 
task. 
3.6.1. General mechanical behaviour 
Fig. 3.8 shows the response of Sqps- 1, one of the two quasi-isotropic T700/LTM 45-EL 
specimens tested, this test is comparable to the work done by Elber [19-20]. Initially, a linear 
response to loading was observed until the first critical load of 1.4kN was reached. First critical 
load was characterised by a small load drop, after this, the plate exhibited a reduced stiffness 
response to loading. Although this second response was initially linear, as the deflection of the 
plate approached then exceeded the plate's thickness, a membrane stretching effect came into 
play, this enhanced the plate's stiffness and hence made the response non-linear. The second 
critical load of 9kN, which was significantly greater than the first, resulted in the penetration of 
the plate and was characterised by a significant load drop. Fig. 3.9a-c shows profiles of Sqps- I 
after penetration; while localised fibre fracture is seen on the top surface, very significant fibre 
fracture and splitting occurred on the distal side of the plate. Elber [19-20] also observed this 
type of response, identifying the first critical load as the threshold load for the occurrence of 
unstable delamination, and the second critical load as fibre fracture on the distal. side of the 
plate. As there were significant differences between the two critical loads the damage 
mechanisms involved were clearly identifiable. 
However, if the response of Sqps- I is compared to a specimen made from the woven roven 
T300ALTM 45-EL laminate, for the same test conditions (Schl), the response is notably 
different. Like the quasi-isotropic laminate an initial linear response up to first critical load was 
observed, however after first load drop the plate did not have the same load bearing capability 
as that demonstrated by the quasi-isotropic laminate. The second critical load could be deemed 
to occur at an indenter displacement of either 1.6 or 2.2mm, or equally it could be argued that a 
second critical load did not occur, and the first critical load was the ultimate load carrying 
capability of the material. Furthermore, unlike the quasi-isotropic laminate, penetration of the 
plate was not sudden and no significant load drops occurred during penetration even though 
extensive fibre fracture could be heard during the test. Given this simple material comparison, it 
was therefore expected that the identification of the damage mechanisms corresponding to 
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critical loads would not be straightforward, and destructive examination of diagnostic tests 
would play a critical part in their identification. 
3.6.2 Load-indenter displacement 
Typical load-indenter displacement results can be seen in Fig. 3.10. Table 3.2 summarises the 
results by listing the maximum load achieved during each test, and if a critical load drop 
occurred before maximum load then that value is also listed. From examination of the test data 
and the table, the following is observed: 
" For all flat-ended indenters the first critical load was the maximum load achieved during the 
test, Curves 3 and 4. 
" For all the hemispherical indenters a critical load drop occurred before maximum load was 
achieved, Curves I and 2. 
" Before first or maximum load was achieved all large plates showed a non-linear response to 
loading, Curve 4. 
" Before first or maximum load was achieved all small plates generally showed a linear 
response to loading, Curves 1,2 and 3. However, at very low loads non-linear features 
resulting from indentation characteristics and the taking up of slack within the system were 
present, both of these are of course test configuration dependent. 
" On comparing the load drop as a percentage, for the flat-ended indenters (Table 3.2) it can 
be seen that for test specimens Sefl, Lsfl, Lcfs, and Lcfl a substantial load drop, ý! 45%, 
occurred when maximum load was achieved. However, for the other flat-ended test 
specimens Ssfs, Ssfl, Scfs- I and Scfs-2 the load drop from maximum load was considerably 
smaller, <25%. Indicating that between these two listed groups, two distinctively different 
failure types were occurring. 
For the hemispherical indenters, the load drop as a percentage of the first critical load was 
generally much lower than the flat-ended indenter type, < 18%, and for both quasi-isotropic 
laminate tests, it was as low as 4%. 
3.6.3. Load-strain response 
Table 3.2 also lists the strain values corresponding to the identified loads of interest discussed 
above. From the table and examination of the test data, the following is observed: 
" For all hemispherical indenters, the strain gauge on the maximum tensile side of the plate 
(T 1) failed before first critical load was achieved. 
" For all small plate tests and large plate tests loaded with a hemispherical indenter, the 
maximum tensile strain gauge (T I) showed a relatively linear response to loading. 
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For large plate tests loaded with a flat-ended indenter, the maximum tensile strain gauge 
(T 1) showed a non-linear response to loading. 
3.6.4. Post-test examination of specimens loaded to penetration 
Fig. 3.11 a-c shows profiles of failed specimen Scfl; penetration of the plate by the indenter was 
very localised and led to the creation of a circular plug of laminate the same diameter as the 
indenter, being pushed out from the laminate. Viewed from the top surface, the periphery of the 
plug and laminate was very sharply defined and the indenter cleanly sheared through the 
laminate's top surface plies. The back surface was less clearly defined and fractures ran with and 
across the laminate's weave, giving the plug a jagged edge, also half the periphery of the plug 
was still connected to the laminate. On viewing the specimen from the side it could be seen that 
the plug was intact and no delamination of the plug had occurTed. For specimen Ssfl, Fig. 3.12a- 
c, the plug was not cleanly created and the laminate showed that more of a lipping action 
occurred rather than the shearing type, the back surface of the laminate also illustrated this. On 
viewing the specimen from the side, the plug was heavily delaminated. This again indicates that 
two different damage mechanisms occurred at maximum load for the flat-ended indenters. All 
other flat-ended indenter tests produced similar penetration responses to these two. 
For the hemispherical indenters, penetration of the laminate's back surface, Fig. 3.13b-c, was 
characterised by a diamond shaped pyramid, that coincided with the laminates 0' and 90' fibre 
directions. Along each edge of the pyramid extensive fibre fracture was present. The top surface 
of the laminate however, has conformed to the indenter's shape. For this surface, extensive fibre 
fracture occurred with the pyramid and around the indenter's diameter, Fig. 3.13a. 
3.6.5. Post-test and destructive examination of diagnostic tests 
As mentioned earlier, all the diagnostic tests were sectioned for microscopic examination; 
specimens were cut in a way as to reveal the plate's centreline. Sections of the plate were then 
potted in one-inch diameter rubber moulds with an epoxy mixture. Once cured, the resulting 
inspection discs where then polished. The inherent problem of using this technique is the 
possibility that the damage that is trying to be detected may inevitably be lost in the process, and 
only two of the four diagnostic tests proved to be conclusive. 
Fig. 3.14a-c shows profiles of Scfs-2; this specimen suffered a load drop of 25% at maximum 
load. On the top surface of the specimen an 8mm indentation mark from the flat-ended indenter 
was visible, however no damage could be found on the contact surface. On the back surface 
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fibre fracture accompanied with matrix cracking and fibre splitting could be seen. This damage 
is clearly responsible for the load drop at maximum load (Scfs-1, Fig. 3.10). Cross sections of 
the specimen revealed a mixture of fibre fracture, delamination and matrix cracking, which 
occurred in the bottom half of the specimen, Fig. 3.15a-b. It must be noted that the section 
shown in Fig. 3.15b is about 2mm offset (cutting saw blade width) from the section shown in 
Fig. 3.15a; hence damage was initiated at the periphery of the indenter. As penetration of the top 
surface of the plate had yet to occur, its occurrence in specimen Scfs- I should be identifiable on 
the load-indenter displacement response as a significant load drop after maximum load, and a 
load drop of 29% was observed at indenter displacement of 1.8mm (Fig. 3.10). From now on 
this type of response will be identified as Type HI failure mode. 
Fig. 3.16a-c shows profiles of Schs-2; this specimen suffered a load drop of 9% at first critical 
load. Where the indenter loaded the plate a very slight concave region existed, however no other 
damage was visible. On the back surface however fibre splitting could be seen, such fibre 
splitting would have been responsible for the premature failure of the strain gauge in the Schs- I 
test, however it was not responsible for the first critical load drop. A cross section of the 
specimen on its centreline, Fig. 3.17, reveals delaminations within the bottom half of the 
laminate. These delaminations were responsible for the load drop, and for this specimen the first 
critical load will now be called the threshold load. Like the quasi-isotropic specimens discussed 
earlier, after the threshold load the plate exhibited a reduced stiffness to loading but still had 
load carrying capability, the ultimate load was 26% (Schs-1, Fig. 3.10) greater than threshold 
load. Unlike the quasi-isotropic specimens however, penetration of the plate at ultimate load 
was not characterised by a significant load drop, and fibre fracture on the top surface of the plate 
was believed to account for this fact, this is discussed later. From now on this type of response 
will be identified as Type II failure mode. 
3.6.6. Test observations 
Table 3.2 also lists observations made during testing; originally the aim was to record by hand 
the occurrence and nature of damage during each test. However, due to the low level of noise 
generated during testing and the high level of ambient noise in the lab this method was found 
wanting, hence in later tests it was superseded with the use of a video camera. It must be noted 
however that both these methods suffer a certain degree of error as the load display incremented 
in steps. Regardless of the recording technique, what is clear from the table is that for a lot of the 
tests, regardless of test configuration, matrix cracking was heard before first critical or 
maximum load was achieved; and the effect of this matrix cracking was negligible. 
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For test specimens Lsfl and US, video playback showed that failure at maximum load was 
instantaneous and catastrophic. At failure, multiple fibre fracture could be heard and the top 
surface of the plate appeared to physically move up the indenter. Catastrophic failure of Lsfl can 
be seen on the load-indenter displacement curve, Fig. 3.18, as a large load drop of 49%. 
Examination of both specimens after the test showed a clean shear through of the laminate's top 
surface plies as described earlier, Fig. 3.11 a-c. Clearly, failure of these specimens was the result 
of multiple ply shear through, with the top ply failing first, subsequent plies downwards fail as 
the load was redistributed from layer to layer. Once the catastrophic failure had occurred the 
laminate still had load carrying capability, this results from the fact that the plug had not 
completely sheared through the plate, but was still attached to the plate and was being folded 
back by the indenter. From now on this type of response will be identified as Type IV failure 
mode. 
For specimen Lshl, the first failure mechanism was fibre fracture, and it occurred roughly at 
first critical load. Fig. 3.18 shows the load-indenter displacement response for this specimen. 
From this figure it can be seen that after first critical load which resulted from fibre fracture, 
fibre fracture of the specimen continued and was characterised by subsequent load peaks and 
drops of equal magnitude and stiffness to the first failure. Continuing fibre fracture of the 
specimen was also confirmed by the video playback of the test. As continuing fibre fracture led 
to the penetration of the specimen and to very small drops in load, it would be fair to assume 
that fibre fracture was occurring on the top surface of the specimen right under the indenter. 
Therefore, for this specimen first critical load was in effect the start of penetration and therefore 
deemed as the ultimate load. From now on this type of response will be identified as Type I 
failure mode. Although Table 3.2 shows this damage mechanism only occurred in this 
specimen, it is not unique and occurred for the majority of the specimens loaded with a 
hemispherical indenter, in this case however this failure mode was easily identifiable. 
3.6.7. Summary of failure modes 
In the previous sections, a total of four different types of failure mode (Type I-M are identified 
for the woven roven T300/LTM 45-EL laminate; with Types I and 11 only applying to 
hemispherical indenters and Types III and IV only applying to flat-ended indenters. However, 
all four are related to three basic damage mechanisms, namely, matrix cracking, delamination 
and fibre fracture, generally in a complex manner. With the use of Fig. 3.10, this section 
surnmarises each failure type and Table 3.3 supersedes Table 3.2 by listing the results in 
accordance to failure mode type: 
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Type I 
This type of failure mode is the most common type found for the hemispherical indenters, and 
occurs in both small and large plates. As indentation started at the early stage of loading, Fig. 
3.10, and was present throughout the rest of the loading event, due to the high stress 
concentration, the local behaviour under the tip of the indenter facilitated local crushing related 
fibre fracture (point FF, on curve). Fibre fracture of the specimen continued, and was 
characterised by subsequent load peaks and drops of equal magnitude and stiffness to the first 
failure. As continuing fibre fracture led to the penetration of the specimen, first fibre fracture 
was deemed to be the initiation of penetration and the maximum load carrying capability of the 
laminate. 
Type 11 
Only two of the eleven hemispherical test configurations exhibited this type of response. After 
an initially linear response to loading, delarnination within the bottom half of the specimen 
directly underneath the indenter occurred. The load at which it occurs is called the Threshold 
load (point TL on curve), and after a small load drop, the plate of reduced flexural rigidity still 
exhibited load carrying capability. Loading of the plate continued until local crushing related 
fibre fracture occurred for the same reason as that outlined in the Type I failure mode (point FFII 
on curve). 
Type HI 
With the exception of Scfl, all small plate specimens loaded with a flat-ended indenter 
experienced this failure mode. After an initially linear response to loading, tensile fibre fracture 
accompanied with delamination and matrix cracking occurred at the indenter's periphery on the 
distal side of the plate (point TFF on curve). After a significant load drop, the generation of 
damage at this location continued until a point was reached where the indenter sheared through 
the top surface plies of the laminate in a Type IV manor (point PSTIU), hence leading to a 
second significant load drop. 
Type IV 
All large plate specimens loaded with a flat-ended indenter underwent this failure mode. Due to 
the high stress concentration around the periphery of the indenter, failure of the specimen 
resulted from multiple ply shear through from the top ply down (PSTIv on curve), and as such 
was catastrophic in nature, leading to a substantial drop in load. Post failure loading capability 
resulted from the fact that the newly generated plug was still attached to the plate and being 
folded back by the indenter. 
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3.6. & Analytical plate thewy results 
Using the mechanical properties listed in Table 2.13 Chapter 2, theoretical load-indenter 
displacement predictions were calculated using the equations presented in Section 3.5. Fig. 3.19 
shows the results for point and concentrically loaded clamped small plates and compares them 
to experimental test data. Due to the shape of the hemispherical indenter, it was initially 
assumed that both indenter sizes would give identical responses to loading, and from the figure 
it can be seen that this assumption was correct, as the responses from test specimens Schs- I and 
Schl are nearly identical. As the effect of this indenter shape was very localised, a point load 
may have been used to model both indenter sizes. Unfortunately, from the figure it can be seen 
that such a model over predicted the two responses in question. As the comparison of the small 
concentrically loaded plate significantly over predicted the response of the Scfs- I specimen, it 
was believed that these over predictions were primarily the result of the mechanical properties 
used and the way in which flexural rigidity of the plate had been calculated, Eq. (3.5-2). 
However, if this were the case it would not explain the excellent agreement between the large 
concentrically loaded plate and Scfl specimen. Furthennore, a similar comparison for small 
simply supported plates (not shown), showed a completely opposite trend, with point and small 
concentrically loaded plates showing good agreement with experimental test data, and the large 
concentrically loaded plate showing significant over prediction. Due to such inconsistency it 
became clear that the theoretical models should be altered and a new approach was sought, 
either by modifying the boundary conditions or the contact laws between the specimen and 
indenter. Elber [ 12] presented modified plate theory that used the superposition of bending, 
membrane and shear stiffnesses to determine plate response. As a result, local indentation 
characteristics of each indenter were required, and were determined by performing crush tests 
on scrap material; an example response is given in Fig. 3.10. Unfortunately, this too suffered the 
same inconsistency as that described above. Given this, the use of plate theory for the present 
investigation appears to be dubious and is neglected fi7om here on. 
3.7. Discussion 
This section discusses the effect of varying each parameter in turn. In all subsections a 
comparison table is presented, this table shows the effect of varying the parameter of interest 
while keeping the remaining parameters fixed, and therefore only compares two tests at a time. 
Test specimen Sshs was defined as the datum test, and using the test that was geometrically 
closest to this configuration, a percentage change was calculated. The test deemed geometrically 
closest to the datum, is the first test of the two compared, to be listed in each respective table. 
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3.7.1. Nose size effect 
When the diameter of the indenter was increased from 8mm to 20mm, as illustrated in Fig. 3.4d, 
the diameter ratio of plate-to-indenter decreased accordingly, from 5 to 2 for small plates and 
from 15 to 6 for large plates. Fig. 3.20a shows the effect of varying the size of a hemispherical 
indenter on the mechanical behaviour of plates; Table 3.4 compares the results. For all three 
comparison pairs, it can be seen that an increase in indenter size had no effect on the flexural 
rigidity of the plates, and that each pair's failure mode remained the same. For the specimens 
that failed as a result of Type I failure, very little increase in penetration load was observed for 
an increase in indenter size, 12% for small plate comparison (Sshs-I/Sshl) and only 9% for the 
large plate comparison (LchsJLchl- 1). For the small plate comparison that failed as a result of 
the Type 11 failure mode (Schs-I/Schl), a 28% increase in threshold load was observed, and 
after threshold load, the reduced stiffness response between these two tests was identical. 
Interestingly, as a result of the creation of delamination within these specimens, the penetration 
load between these two tests increased by 35%. A similar increase in threshold load was 
reported by Sankar [22], but on simply supported plates and for a quadrupling in indenter 
diameter. Clearly, the effect of increasing the diameter of a hemispherical indenter is localised; 
this is further verified by the corresponding load-maximum tensile strain curves (TI) shown in 
Fig. 3.20b, in which responses from comparison pairs Schs-l/Schl and LchsALchl- I show little 
variation. The difference between the Sshs-I/Sshl pairing is believed to result from the fact that 
specimen Sshs-1 may have moved slightly off centre during initial loading, an expected 
problem for such a configuration. 
However, once the flat-ended nose shape was used, an increase in indenter diameter had a 
completely dominating effect on the plate's mechanical behaviour, as shown in Fig. 3.2 Ia. Both 
maximum load and flexural rigidity significantly increased for all three comparison pairs (i. e. 
from Ssfs/Ssfl, Scfs-I/Scfl and Lcfs4Lcfl), irrespective of plate diameters or boundary 
conditions. For the large clamped plates, LcfsALcfl, a considerable stiffening effect attributed to 
membrane stretching was observed when a large indenter was employed. This enhancement in 
mechanical behaviour was further verified through the examination of the load-maximum 
tensile strain curves (TI) in Fig. 3.21b. Of equal interest is the change in damage mode from 
Type III to the catastrophic Type IV mode for the Scfs-I/Scfl comparison, which led to a 
massive increase in both maximum and penetration loads, of 150% and 202% respectively. 
Clearly, unlike a hemispherical indenter, an increase in the diameter of the flat-ended indenter 
had a global structural effect. 
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3.7.2 Nose shape effect 
The effect of changing the nose shape of an indenter from hemispherical to flat-ended was 
found to be even more significant than the size effect of the flat-ended indenter discussed above. 
Clearly, this is the result of the fact that the flat-ended indenter produces a more uniform load 
distribution than the hemispherical one, as illustrated Fig. 1.7a-b (Chapter 1). Thus, a lesser 
stress concentration is induced, which results in a greater resistance to loading and a change in 
plate failure mode. With a hemispherical indenter, the process of damage development started 
from matrix cracking right underneath the indenter where stress concentration was at its highest. 
In all these cases except for the clamped small plates, matrix cracking was followed by fibre 
fracture (Type 1). For the flat-ended indenter however, maximum load was dictated by either 
tensile fibre fracture (Type 111) or catastrophic ply shear through (Type IV) around the periphery 
of the indenter, respectively occurring on the distal or top surface of the plate. Table 3.5 lists the 
results for all seven comparison pairs, and from this table it can be seen that the smallest 
increase in maximum load was 86% for the Sshs-l/Ssfs pairing and the greatest increase was 
331% for the Lchl- 1 /Lcfl pairing. Also, while the small plate comparisons experienced all four 
different failure modes, the large plate tests only experienced two types, the Type I failure mode 
for the hemispherical indenters and Type IV for the flat-ended indenters. Therefore, the sizing 
of the plate with regard to the observed failure mode appears to be of importance; this issue was 
raised by Elber [20]. 
To give better insight into the effect of a change in indenter nose shape, Fig. 3.22a shows the 
load-strain curves from the CI and TI strain gauges (see Fig. 3.1 a) on simply supported small 
plates loaded with a small indenters (Sshs/Ssfs). For the same reasoning explained above, the 
central bottom strain gauge (TI) with the flat-ended indenter showed a much smaller tensile 
strain, at the same load level, than that associated with the hemispherical indenter. Nevertheless, 
both strain responses were nearly linear up to failure. Interestingly, the C1 strain responses 
under these conditions seemed to be less sensitive to the nose shape effect, and an effect only 
became noticeable when ultimate failure was approached. To examine this filfther, extra strain 
gauges (C2 and T2) were bonded to large plates loaded with small indenters; Fig. 3.22b shows 
the response of the LchsALcfs comparison. Unlike the Cl and TI strain responses, the C2 and 
T2 responses associated with the respective hemispherical and flat-ended indenters, were very 
close to each other at a given load. This therefore suggests that away from the local contact 
region, a change in nose shape had a negligible effect on the global or structural behaviour. 
Furthermore, the C2 responses were initially compressive but gradually shifted to tension as the 
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loading increased, implying that the 20mm offset location from the plate's centre was not far 
away from the contra-flexural ring, and video playback of both of specimens also suggests this. 
Another issue already mentioned in Section 3.6.3, is that although all large plate tests, 
irrespective of configuration, showed a non-linear load-indenter displacement response as a 
result of membrane stretching, only the flat-ended indenters had this feature exhibited in their 
maximum tensile strain curve (TI). For large plates loaded with a hemispherical indenter, a 
relatively linear maximum tensile strain curve was exhibited, as to why this was the case is 
unclear, Fig. 3.22b illustrates this. 
3.7.3. Plate diameter effect 
Increasing plate size from 40mm to 120mm diameter leads to a reduction in the flexural rigidity 
and thus an increase in plate deflection for a given load. However, if the ratio of maximum plate 
deflection-to-plate thickness becomes greater than 0.4 for clamped or 1.0 for simply supported 
isotropic plate [85], then the effect of membrane stretching would have to be considered. In 
particular, it may effect the characteristic failure modes. As seen earlier, membrane stretching 
occurred in all large plate tests and has accounted for significant load enhancement for flat- 
ended indenter test configurations. Table 3.6 lists the results for all six comparison pairs; from 
this table it can be seen that all large plates showed a reduced maximum loading capability, and 
when comparing the corresponding load-indenter displacement curves, a reduced stiffness 
response was apparent, as expected. Also, it is interesting to see from the table, that for each of 
the three comparisons made for both indenter shapes, two of the three comparisons experienced 
a change in failure mode type while the third did not. A change in failure mode would of course 
be responsible for a change in maximum load, therefore the comparison tests that did not 
experience a change in failure mode (Sshl/Lshl and Scfl/Lcfl) are of interest, and are examined 
in the following paragraph. 
Fig. 3.23 shows two hemispherical comparison tests. For the Schs-I/Lchs comparison, the 
response of the TI strain gauge was very much as expected; that is, the large plate had a greater 
strain at a given load level. The increase in plate size led to a change in failure mode from Type 
11 to 1, which in turn led to a 24% decrease in maximum load. As the creation of delamination 
within the laminate (Type II failure mode) had in effect increased the load carrying capability of 
the laminate before penetration occurred at maximum load, a large percentage change should 
have been expected. For the Sshl/Lshl comparison, the failure mode however remained the 
same (Type 1), and as a result the increase in plate size only led to an 11% decrease in 
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maximum load. It can also be seen from the figure that an increase in plate size had very little 
effect on the response of the TI strain gauge. Therefore, for the hemispherical indenter, an 
increase in plate size is only significant if it results in a change in failure mode from Type 11 to 1. 
This also suggests that the Type 11 failure mode is stifffiess dependent, however this can only be 
truly confirmed when the effect of boundary condition is studied. 
All three flat-ended indenter comparison tests exhibited a change in the response of the TI 
strain gauge, to a change in plate size; that is, the large plate had a greater strain at a given load 
level than the small plate. The Scfl/Lcfl comparison, that did not experience a change in failure 
mode, had just as significant a difference in maximum load, 27% reduction, as those that did 
have a change in failure mode. Therefore, for a flat-ended indenter, an increase in plate size 
reduced the maximum load achieved by the plate, irrespective of what failure modes occur. 
Interestingly, for both comparison tests that had a change in failure mode from Type III to IV, 
(Scfs- I /Lcfs and Ssfl/Lsfl), the load at which penetration of the laminate occurred was identical. 
And at penetration both failure modes exhibit the same damage mechanism; namely, ply shear 
through of the top surface, a damage mechanism that is fibre dependent. Sun et al [24-27] for 
clamped circular graphite/epoxy plates that underwent a failure mode similar to Type 111, 
concluded that the load at which penetration occurs was identical, independent of plate size and 
fibre dominate. It therefore would be tempting to think that the specimens that underwent Type 
III failure, failed through the thickness before penetration to such an extent that their plate 
diameter to thickness ratio was comparable to that of the large plates that failed purely from ply 
shear through (Type M. A penetration load, plate diameter and thickness relationship was 
discussed by Zhou [ 18], unfortunately as there is no way of knowing the thickness of the 
undamaged region of laminate this matter can therefore not be pursued. 
3.7.4. Boundary condition effect 
By clamping the periphery of a plate, rotation of that plate was restricted and this restriction 
acted to enhance the plates bending and membrane stifffiesses. Therefore, for a given load a 
simply supported plate allowed for a slightly greater deflection or strain in comparison to a 
clamped one, hence a higher maximum load should have been achieved with the use of a 
clamping periphery and Table 3.7 confirms this for the majority of the tests. 
Fig. 3.24 shows the strain response of two small plates loaded with the small hemispherical 
indenter, Sshs-l/Schs-1. From this figure it can be seen, that while the central bottom strain 
gauges (T I) exhibited a marginal effect, the off-centre strain gauges (C I) showed a significant 
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difference caused by clamping. Clearly, the enhanced bending stiffness changed the structural 
response. As a result, delamination within the laminate was allowed to take place before 
ultimate fibre fracture, and the failure mode changed from Type I to 11, resulting in a 26% 
increase in maximum load. Fig. 3.25 shows the strain response of two large plates loaded with 
the large hemispherical indenter, Lshl/Lchl-1. As before, the central bottom strain gauges (Tl) 
showed little effect, while the off-centre strain gauges (C2) exhibited a difference. In this case 
however, delamination within the plate was not initiated and both plates failed as a result of 
fibre fracture (Type 1), with no enhancement in maximum load. Therefore, for the 
hemispherical indenter, a change in boundary condition is only significant if it results in a 
change in failure mode from Type I to 11. Given the above reasoning and the fact that the same 
conclusion was drawn when the effect of plate size was discussed, Type 11 failure mode was 
stiffness dependent. 
Regardless of failure mode, all flat-ended indenter comparison tests showed enhanced stiffness 
and loading capability. The Ssfl/Scfl comparison was by far the most noticeable, as a change in 
boundary condition led to a change in failure mode from Type III to IV, which in turn led to a 
41% increase in maximum load and a 77% increase in stiffness. Given the nature of the Schl 
test configuration, a small clamped plate loaded with a large indenter, it was not surprising that 
ply shear through resulted. Unfortunately, due to the test configuration no top surface strain data 
was collected, and therefore as to why this change in failure mode occurred can not be fully 
ascertained. 
3.8. Conclusion 
A thorough experimental investigation on carbon/epoxy circular plates subjected to quasi-static 
transverse load was carried out by examining the effects of four geometric parameters, namely, 
indenter size and nose shape, plate diameter and boundary condition, on the mechanical 
behaviour and failure modes of the plates. Generally, these effects were found to be 
significantly coupled with one another, so that none of the geometric factors could be discarded 
in testing of this nature. As a flat-ended indenter produces a more uniform load distribution than 
the hemispherical one, the failure modes experienced by a plate change, and four major failure 
modes, two for each type of indenter shape, were identified. Therefore, indenter nose shape is 
deemed the dominant geometric parameter, as a change in indenter nose shape from 
hemispherical to flat-ended results in a change in plate stiffness and failure mode, the latter 
being responsible for a significant change in the plate's maximum loading capability. Generally, 
3-19 
the effect of indenter nose shape is very localised, however exceptions exist where the 
secondary parameters gave the response a global effect. 
For plates loaded with hemispherical indenters two types of failure mode occurred, Types I and 
11. Generally, plates failed in the Type I failure mode, in which highly localised stress 
concentration under the tip of the indenter resulted in local crushing related fibre fracture. As a 
result, the geometric parameters of plate boundary condition, indenter and plate size had no 
effect on the plate's maximum load, as long this failure mode was maintained. However, if a 
change in the aforementioned geometric parameters led to a change in failure mode from Type I 
to 11, then maximum load was enhanced. Type II failure mode was characterised by a threshold 
load at which delamination occurs, primarily in the bottom third of the plate. After its 
occurrence, the plate, now of reduced flexural rigidity, still has significant load carrying 
capability, until failure results from fibre fracture on the top surface of the plate, as in the Type I 
failure mode. The Type 11 failure mode was found to be plate stiffness dependent and as such 
related to the geometric parameters of plate size and boundary condition. Hence, a small 
clamped plate was the preferred loading condition for a plate loaded with a hemispherical 
indenter. Interestingly, although an increase in indenter size had no effect on the plate's stiff-hess 
response, if the conditions that promote Type 11 failure mode were met, an increase in indenter 
diameter led to an increase in both threshold and maximum loads. 
For plates loaded with flat-ended indenters two types of failure mode occurred, Types III and 
IV. The Type III failure mode was characterised by tensile fibre fracture with extensive 
delamination and matrix cracking, where as Type IV failure resulted in catastrophic ply shear 
through of the laminate, both of which released a greater amount of energy than those 
experienced by the hemispherical indenter. Furthermore, unlike the hemispherical shape, an 
increase in indenter size had a global structural effect on the plate, enhancing stiffness and 
loading capability. As for plate size and boundary condition, marginal increases in stiffness and 
loading capability were observed, favouring small plates and with clamped boundary 
conditions, as expected. However, for this indenter shape, as to why certain sets of geometric 
parameters promote one type of failure instead of the other is still unclear. 
As a hemispherical indenter is more detrimental to a plate's failure load than a flat-ended one, a 
hemispherical shaped impactor is used to perforin transverse impact testing of plates in Chapter 
4. For practical reasons, only a large impactor and clamped boundary condition are considered. 
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Similarly, the size of the plate to be tested is constrained by the compression-after-impact fig 
available to the project, Chapter 5. 
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a) Small plate 
60mm 
60nun 
b) Large plate 
170nun 
170nu-n 
Strain gauges locations: 
TI- plate centre, bottom surface 
T2 - 20mm offset from plate centre, bottom surface 
Cl- 8mm offset from plate centre, top surface 
C2 - 20mm offset from plate centre, top surface 
40nu-n test dia. 
(small) 
TN4L FLA-3-11 
single-element 
strain gauge 
Indenter - 
8mm dia. (small) 
20nim dia. (large) 
Clamped periphery 
Scale 1: 1 
Viewed on 
top surface 
120mm test dia. 
(large) 
TML FLA-3-11 
single-element 
strain gauge 
Clamped 
periphery 
hidenter - 
8mm dia. (small) 
20mm dia. (large) 
Scale 1: 2 
Viewed on 
top surface 
Figure 3.1 a-b Test specimen schematics, a) Small plate, b) Large plate 
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A A 
Figure 3.2 Experimental test set-up (Schs- 1). For the simply supported condition, the clamping 
ring is removed 
I Plate size - 
S= small plate 
(40nun dia. ) 
or 
L= large plate 
(I 20nun dia. ) 
Schs -I. *-- 
Test number 
ýt "V-ý 
Boundary condition Indenter nose shape - 
s= simple support 
or 
c= clamped 
h= hemispherical 
or 
f= flat-ended 
s= small 
(8mm dia. ) 
or 
I= large 
(20mm dia. ) 
Figure 3.3 71 est matrix four-letter coding sequence 
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a) Plate diameter effect 
Small 
Onu-n 0 40nirn 
Large 
A 
0 120nun 0 120mm 
b) Boundary condition effect 
PP_ 9ý .0 
Simple support Clamped 
c) Indenter nose shape effect 
0 20mm 
0 8MM 
Small Large 
d) Indenter size effect 
0 20mm 0 20mm 
0 8MM 0 8mm 
Hemisphercial Flat-ended 
Figure 3.4a-d Geometric effect of varying each parameter 
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AL 
Worst possible 
location, as fibres are 
running at 0' and 90' at 
this point the gauge 
could be sheared 
Plain weave 
Carbon/Epoxy 
laminate plate 
Although shearing between 
the fibres will occur, it will 
be small. Therefore this 
region can be used 
Ideal location for 
strain gauge 
centre, for 0' or 
900 
Offset from centre 
ideal location, deemed 
to be a useable 
location if more than 
'/3 of the gauge is on 
the weave rectangle 
Strain gauge cross 
hairs 
Figure 3.5 Favourable and unfavourable strain gauge locations for the WR T300/LTM 45-EL 
laminate 
Female fitting - 20mm 
dia. To align the base 
plate to the centreline 
of the indenter, the 
20mm dia. 
hemispherical ended 
indenter will be 
lowered via the Mand 
machine into this hole 
This section is 
made flush with the 
base plate and 
ensures square 
alignment 
Centring too] 
made from 
mild steel 
Male fitting - 
40mm or 
120nun dia. 
r, qlf-, I -I 
Male fitting slots 
down into the base 
plate's testing hole 
Figure 3.6 Centring tool (small) used to align the base plate support to the indenter 
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a) 
b) 
where: 
q- intensity of uniforin load 
r- radius of a point on the 
plate 
a- radius of the plate 
b- radius of distributed load 
over a ring surface 
c- radius of the unifonnly 
distributed load over the 
inner portion of the plate 
t- plate thickness 
Figure 3.7a-b Analytical plate theory, a) Simply supported, b) Clamped, boundary conditions 
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Figure 3.8 Comparison of composite systems for the same test conditions 
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Indenter displacement, mm 
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Figure 3.9a-c Penetration characteristics of Sqps- I 
m Curve I (Sshs-1) Type I 
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Figure 3.10 Typical load-indenter displacement curves for WR T3 OO/LTM 45 -EL plates 
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a) Front b) Back c) Side angle 
Figure 3.11 a-c Penetration characteristics of Scfl 
a) Front b) Back c) Side angle 
Figure 3.12a-c Penetration characteristics of Ssfl 
a) Front b) Back c) Side angle 
Figure 3.13a-c Penetration characteristics of Schl 
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a) Front b) Back c) Side angle 
Figure 3.14a-c Profiles of diagnostic specimen Scfs-2 
a) 
b) 
2mm i Central plane 
7Q= 
I Fra mm, !T 
[D-is-w-Isurfa- 
ce], 
; 
Fibre fracture 
Figure 3.15a-b Cross sections of diagnostic specimen Scfs-2, a) Through plate's centre, b) 2mm 
offset from plate's centre 
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a) Front b) Back c) Side angle 
Figure 3.16a-c Profiles of diagnostic specimen Schs-2 
Figure 3.17 Cross section of diagnostic specimen Schs-2 - through plate's centre 
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Lsfl 
Lshl 
7 
ý 
-0 
Single fibre 
ftacture heard 
I 
Catastropic failure 
resulting from multiple 
fibre shear through of 
the top surface 
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Indenter displacement, mm 
Figure 3.18 Test observations for large plates loaded with large indenters 
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Figure 3.19 Analytical plate theory for clamped small plates 
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a) 
b) 
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Figure 3.20a-b Plates loaded by hemispherical indenters, a) load-indenter displacement, b) 
load-maximum tensile strain (T I) 
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Figure 3.2 1 a-b Plates loaded by flat-ended indenters, a) load-indenter displacement, b) load- 
maximum tensile strain (T I) 
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Figure 3.22a-b Nose shape effect on, a) Simply supported small plates, b) Clamped large 
plates, loaded with a small indenter 
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Figure 3.23 Effect of plate diameter on plates loaded with hemispherical indenters, 
maximum tensile strain gauge (T I) 
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Figure 3.24 Effect of boundary condition on small plates loaded with a small hemispherical 
indenter 
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Figure 3.25 Effect of boundary condition on small plates loaded with a large hemispherical 
indenter 
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Chapter 
4. Transversely impacted large plates 
From the work performed in Chapter 3, a set of geometric parameters was selected for full-scale 
impact testing of plate specimens. Using an instrumented drop weight impact rig, this chapter 
reports on impact testing at various IKE levels. 
I. Specimen geometry and manufacture 
In this and all proceeding chapters only the UD T700ALTM 45-EL composite system is tested. 
Using the laminate fabrication techniques described in Section 2.2, three 300x3OOmm quasi- 
isotropic, (45'/90'/-450/0 0 )2s, laminate panels were manufactured for testing purposes. All 
laminates were made from the same prepreg batch material. This 16ply lay-up nominally 
produces a 2mm thick laminate. From the three laminate panels, twelve l50xl5Omm plate 
specimens were made using the cutting technique described in Appendix 1.4, this was deemed 
sufficiently large enough for the test diameter and boundary condition studied. With the use of a 
Vernier caliper, the average thickness of each plate was obtained by measuring the thickness at 
25mrn regular intervals around the plate's periphery. 
4. Z Experimental equipment 
All impact tests were performed on a custom-made instrumented drop weight impact rig. This 
section gives a general description of the rig, the drop weight or impactor used to strike the 
specimen and the velocity measurement instrumentation. The following references were used as 
a guide to the design and implementation of the rig, [1,86-89]. 
42 1. General description of impact rig 
Fig. 4.1 shows a schematic of the impact rig, the primary role of the steel framework was to 
support two aluminium channel sections running down the length of the rig's centreline. These 
two channel sections 127x5lmm (external dimensions) and 6.5mm thick, faced inwards to one 
another to form a partially enclosed square section, 149x I 14mm in size. To ensure good vertical 
alignment of the channel sections, a plumb line was used during construction. Within the 
partially enclosed square section, the impactor and release mechanism were located. The 
impactor unit, described later, was held by the release mechanism's two steel gripping jaws; 
adjustable low friction contact pads fitted to the release mechanism centralise the impactor to 
the channel sections. To open the jaws and hence release the impactor, the operator pulled the 
spring-loaded release arm through the use of a suitably long length of rope connected to the 
arm. To stop the impactor from causing injury if accidentally released, a spring-loaded safety 
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bar bridged the gap between the two channel sections hence stopping passage of the impactor. 
Via a series of pulleys, steel cable connected the release mechanism to a winch, hence allowing 
the height of the release mechanism and impactor to be altered. With a dummy test specimen 
set-up in the rig, drop height markings for a particular specimen thickness were drawn onto the 
channel sections; the impact rig had a 0-4.2m impactor drop height capability. For set-up and 
maintenance reasons, the top of the impact rig had flooring and a permanent ladder for easy 
access. The total height of the impact rig was 5.6m. 
An anvil at the base of the impact rig allowed specimen support fixtures to be mounted squarely 
to the test rig. For practical reasons only a clamped boundary condition was considered. All 
specimens tested in this section used the same I 00mm diameter support fixture illustrated in 
Fig. 4.2; a detail description of this fixture's set-up is given in Section 4.3. In Chapter 3,40MM 
and 120mm diameter plates were studied, unfortunately due to the constraints of the CAI rig 
used in Chapter 5, only a 100mm test diameter can be examined. As repeated impacts on the 
specimen are not desired, a manual rebound catch mechanism was used to stop the impactor 
from repeatedly hitting the specimen, Fig. 4.3 shows a picture of this mechanism. Once the 
support fixture was fitted to the anvil, the base of the catch mechanism butted up to the fixture 
and the sliding plank was allowed to move over the fixture's top plate, hence covering it. As the 
sliding plank was made from wood, the end of the impactor was not damaged on testing, 
although after a number of impact tests a new piece of wood was required. Photo-slotted 
switches mounted above the specimen's top surface, as illustrated in Fig. 4.4, were used to 
measure strike and rebound velocities of the impactor during a test; a description of how this 
system works is explained in Section 4.2.3. 
4-ZZ Impactor 
From Fig. 4.5 it can be seen that the impactor primarily consists of two sections bolted together, 
the impactor head, which was made from mild steel, and an aluminium carriage section. A 
ridged aluminium. flag, as shown in Fig. 4.1, was fitted to the carriage section, this enabled 
impactor velocity measurements to be made, and is discussed later in Section 4.2.3. In Chapter 
3a hemispherical indenter was found to be more detrimental to a plate's failure load than a flat- 
ended one, therefore a hemispherical nose shaped impactor was used. For practical reasons, 
only a large impactor was considered. To stop the impactor from hitting the support fixtures 
should the nose penetrate the specimen, the remainder of the head was made conical in shape. 
The role of the aluminium. carriage is twofold, firstly, to guide the impacter squarely to the 
centre of the target specimen and secondly, to supply some means by which the impactor could 
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be attached to the release mechanism. The latter was achieved through the inclusion of a T- 
section to the top of the impacter carriage, to which the release mechanism's gripping jaws held. 
Ideally, the impactor should not have come into contact with either of the two aluminium 
channel sections during a test, however in practice this was not the case, in particular when the 
impactor rebounds from the specimen. To reduce friction and hence stop the occurrence of 
damage between the impact or channels sections, sixteen sacrificial contact pads made from 
6mm Nylon slotted cheese head screws were positioned at the periphery of the carriage. Should 
the impactor have come into contact with a channel section during a fall or rebound, these 
contact pads would have corrected the impactor's path. It must be noted that in both horizontal 
planes a ±0.15mm gap existed between the impactor and aluminium channels sections. The 
total mass of the unit was 1.689kg and remained constant for all testing performed. 
4. Z3. Strike and rebound velocity measurement 
Two photo-slotted switches, a known distance apart and mounted above the specimen's top 
surface, were used to measure the IKE and Rebound energy of the impactor during a test; Fig. 
4.4 shows in part how this is achieved. As the impactor fell to the target specimen, the matt 
black flag mounted on the impactor passed through the top photo-slotted switch, hence 
triggering it; the pulse generated from the trigger started a timer counter. On passing through the 
second photo-switch a second pulse was generated, this stopped the timer counter; hence the 
time it took the impactor to fall between these two photo-slotted switches was recorded (Strike 
time). On striking the specimen the impactor rebounded back up its original path, hence 
triggering the bottom photo-slotted switch again. This third pulse started a second timer counter, 
and if the impactor had rebounded far enough to trigger the top photo-slotted switch, the time 
taken for the impactor to rebound the photo-slotted distance would have been recorded 
(Rebound time). To ensure a good quality of triggering pulse (one with a sharp wave form), 
both photo-slotted switches were fitted with Scmitt-triggers, and both timer counters were 
triggered on the rising edge of a pulse. Using a Vernier caliper, the triggering distance between 
the photo-slotted switches was determined to be 50.1 mm. 
As can be seen in Fig. 4.4 this is a very simple and effective system, however there are some 
problems that need to be raised, in particular when it comes to the calculation of impactor 
velocities; these are discussed in Section 4.5.3. An unfortunate consequence of the system being 
capable of recording both strike and rebound times is that an inherent error in the strike time 
was introduced. This resulted from the fact that two pulses were used to start and then stop each 
timer counter, hence the flag had to "clear" the bottom photo-slotted switch after the second 
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triggering pulse, so that the third triggering pulse could be made by the same switch (see Fig. 
4.4). As a result, the position of the photo-slotted switch pairing needed to be one flag's width 
higher than the point of impact. If, however, the system was set-up to trigger both timer 
counters using only three pulses, with the second triggering pulse stopping the strike timer 
counter and starting the rebound timer counter, an error would be introduced into the rebound 
time, as plate deflections during impact could not be accounted for. However, as the first 
approach to the problem was chosen, a pessimistic calculation of the error (i. e. taking the 
acceleration of the impactor to be 9.81m/s 2) shows that for the 13.8mm flag, the IKE was 
underestimated by 0.23J, which is relatively small. 
4.3. Experimental set-up 
The drop height to which a specimen was to be subjected was used as the coding sequence for 
that specimen. Initial testing used 0.25m increments in drop height up to 1.25m. Further testing 
used to define the resulting damage map, tested specimens at 0.125m, 0.375m and 0.625m drop 
heights. Table 4.1 shows the test matrix, a total of eight tests were performed. 
Before a specimen is set-up for testing, the release mechanism, channel sections and impactor 
(nose and attachment T-section) were sprayed with a light oil. Once applied, the oil was 
removed with paper towel. This was done to reduce any ffiction within the system. The anvil 
and support fixture were also sprayed with the oil and rubbed with paper towel, however this 
was done to remove any particles of dirt on these surfaces and to maintain their finish. 
4.3.1. Positioning of the specimen to the support 
With the support fixture dismantled on a workbench (see Fig. 4.2), the top support plate's 
I 00mm testing diameter was aligned flush to the bottom plate's test diameter. Once satisfied, the 
bolts that connected the two plates together were tightened. The alignment plates were then 
fastened to the bottom plate and made flush with the top plate. The top plate was then removed 
and a clean specimen was positioned onto the bottom plate. The top plate was then replaced on 
top of the specimen and made flush with the alignment plates, hence the two test diameters in 
each support plate were aligned to one another. To centre the flat specimen that was sandwiched 
between the top and bottom plates, a transparent Perspex cylinder of 100mm diameter was 
slotted into the top plate and gently pushed in until it just touched the specimen. At the bottom 
of this Perspex cylinder cross hairs indicated the centre of the hole. Using a steel ruler, the 
specimen was gently eased until the cross hairs marking its centre coincided with those on the 
Perspex cylinder; once achieved the cylinder was removed. Using an Allen key, the four bolts 
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that fasten the top plate to the bottom plate were then incrementally and alternately tightened so 
that an evenly distributed "finger tight" clamping periphery was achieved; this was done in a 
similar manner as that described in Section 3.3. The alignment plates were then removed and 
the specimen was then cleaned with degreasing agent and paper towel. To help in the 
manufacture of the subsequent CAI panel specimens (Chapter 5), the clamping boundary was 
marked onto both sides of the specimen with the use of a silver pen. 
4AZ Positioning of the support to the impactor 
With the specimen clamped in the support, the entire assembly was placed onto the impact rigs 
anvil; the support's test diameter then required centralising to the impactor. To do this, the male 
part (100mm dia. ) of the steel centring tool, similar to that described in Section 3.3, was placed 
in the top support plate's test diameter. To centralise the impactor to the impact rig's channel 
sections, six 0.14mm thick steel shims were placed between each channel section and the 
impactor. Slots in the bottom support plate (see Fig. 4.2) allowed the entire support assembly to 
be positioned so that the female part of the centring tool (20mm dia. ) could receive the 
impactor. The centring tool was of great enough depth not to allow the impactor to come in 
contact with the specimen. Once centralised the bolts that fastened the support assembly to the 
anvil were tightened. The steel shims were removed and the impactor was allowed to sit in the 
centring tool on top of the support assembly. 
4.3.3. Positioning of the impactor to a drop height 
The release mechanism illustrated in Fig. 4.1 was wound down to the impactor. By hanging a 
weight onto the drop mechanism release arm, hence opening the gripping jaws, the mechanism 
could be lowered to hold the impactor's T-section. Once gripped, the impactor was wound up 
away from the support assembly and the steel centring tool was removed. By using this 
technique, the centralised position of the impactor within the channel sections was maintained. 
As mentioned earlier, a manual rebound catch mechanism stopped repeated impact of the 
specimen. Once correctly positioned on the anvil it was held in place with duct tape. The sliding 
plank was positioned to cover the specimen; this was done to stop the impactor from hitting the 
specimen if accidentally released. Using the predetermined height marks on the channel section, 
a steel ruler and a set square, the impactor was wound to the desired drop height. 
4.4. Test procedure 
With the impact rig set-up and ready for testing the following checklist was used to perform a 
test: 
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* The rebound catch mechanism's sliding plank was positioned to the edge of the test 
diameter. 
The specimen and anvil were checked to see that they were free from tools. 
The safety bar was removed. 
Both photo-timers were reset. 
The rope was pulled sharply to release the impactor, (with a left hand on the sliding panel 
and the right hand on the rope). 
After first strike, the sliding plank was positioned to cover the specimen and hence stop a 
second strike. 
Once the test had been performed the impactor was raised back and reattached to the drop 
mechanism, the safety bar was then replaced. The catch mechanism and support assembly were 
then removed from the impact rig. The support assembly was dismantled and the specimen was 
labelled. The strike and rebound times were then recorded as well as any relevant 
notes/observations about the test. 
4.5. Results 
The results for each individual test are presented in this section. As the CAI strength of these 
specimens are assessed later in Chapter 5, it was imperative that all information to be gathered 
from these specimens was gathered. Therefore, the following two subsections concentrate on 
identifying the damage mechanisms that occurred within each specimen, this is done to aid the 
understanding of the proceeding damage map. 
4.5.1. Description of extemal damage characteristics 
Fig. 4.6a-h shows front (impact side) and rear surface photographs of all eight specimens. 
Unfortunately, due to the nature of the damage mechanisms involved and the difficulty in 
photographing carbon/epoxy plates, damage can only really be seen in the specimens with drop 
heights greater than 0.625m (Fig. 4.6e-h). As such, Table 4.2 describes the external damage 
characteristics of each specimen in depth. Generally, on the front surface of all the specimens a 
concave indentation mark was observed at the impact site; in plan view this indentation is 
usually circular in shape but slightly elliptical shapes were observed. For specimens tested 
below Im, no visible damage to the matrix or the fibres was detected within or around the 
indentation region. However, at a drop height of Im and above, fibre fracture and splitting 
occurred within the indentation region, the general characteristics of which were identical to that 
illustrated by the quasi-static test specimens, Fig. 3.9a-c (Chapter 3). 
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For all specimens except the 0.125m test, damage to the rear surface of the plate was observed, 
and the first detected damage (0.25m) was multiple fibre splitting. As the drop height increased, 
the severity of fibre splitting increased, until at 0.5m the section of material between parallel 
fibre split lines delaminated from the plate's surface. On a further increase in height (0.625m), at 
the centre of the specimen, multiple fibre fracture of delaminated sections occurred. Subsequent 
specimens exhibited these same damage characteristics, with the severity and size of damage 
area increasing with increased drop height; at a drop height of Im fibre splitting reached the 
clamping periphery. As with the front surface, the general characteristics of damage of the rear 
surface were identical to that illustrated by the quasi-static test specimens. 
4.5. Z Ultrasonic inspection of specimens 
In order to generate the desired damage map and to determine the positioning of strain gauges 
for CAI assessment, Chapter 5, a measurement of internal damage area within each specimen 
was required. The primary damage mechanism to be measured here was delamination. To 
achieve this a Meccasonics Ltd. Ultrasonic C-scanning immersion tank was utilised. 
Set-up of ultrasonic equipment 
Using the recommended set-up described in the manufacture's manual [90-91], a 10 MHz 
transducer was used to perform through-transmission scans of the specimens at a resolution of 
0.5mm. To support the specimen during scanning four standard engineering nuts were placed 
onto the C-scanners glass tabletop. As the movement of the transducer performing the raster 
scan in the water tank had a tendency to move the specimen, brass blocks were placed around 
the specimeiVs periphery to stop movement. Post-processing of the data was performed using 
software supplied by Meccasonics Ltd, Midas v. 306a. 
Description of internal failure characteristics 
Fig. 4.7a-h show C-scan plots of all eight specimens tested; to aid in the comparison of results, a 
50x5Omm mesh was added to each image. The colour palette on the left-hand side of an image 
corresponds to the amount of signal attenuation in decibels that was recorded when the scanned 
infori-nation was taken; all images use the same decibel ranges. Light green corresponds to no or 
poor signal attenuation (0-70), where as red corresponds to a high level of signal attenuation 
(120-124dB). A high level of attenuation occurs when a change in medium is met; for example 
the interface between the support nuts and the specimen or more importantly when damage 
occurred within the laminate. From each C-scan plot it can be seen that the support nuts, due to 
their hexagonal shape were easily identifiable and can be discounted from the discussion. 
Equally, at the periphery of the plate where a brass placement block comes into the image, Fig. 
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4.7a, hence high attenuation, or where the signal simply reflects off the glass table surface, Fig. 
4.7b, hence no attenuation, can also be discounted. Also, strain gauge soldering tabs, as seen in 
Fig. 4.6a-h, are featured on the C-scan plots, these too should be ignored. 
For all specimens the C-scan plots show that the majority of the laminate was un-damaged, and 
internal damage was localised to the impact site. For the un-damaged material, the inherent 
criss-cross pattern made up from shades of green is a result of the quasi-isotropic lay-up. As for 
internal damage, an in depth description of its characteristics for each specimen is listed in 
Table 4.3. Generally, internal damage was elliptical or rectangular elliptical in shape, with the 
major length of the shape coinciding with one of the ±45' plies. For all specimens except the 
0.125m, projections of internal damage from the main body of damage in a 45' direction were 
observed. These projections of damage were not confined to either one of the shape's longer or 
shorter axis's, and it did not appear that the number of projections related to the specimen's drop 
height. For three of the specimens 0.125m, 0.25m and 0.375m, within the main damage area, an 
inner circular area of a lower signal attenuation level was observed. 
Calculation of internal damage area 
Within the Midas programme, the damage area of each specimen was measured using a self- 
generating polygon shape. By selecting a position on the region of interest, the programme 
generated a polygon of increasing size from the location selected. The extent to which the 
polygon is generated depends upon the attenuation range settings made before the function is 
run. As information on the resolution used during the scan was contained in the data file, the 
programme automatically calculated the polygon's area in millimetres once the fimction had 
completed polygon generation. However, as the resulting area calculation was dependent on the 
attenuation range setting, determination of what range setting should be set was required, to do 
this, histogram data had to be examined. Fig. 4.8 shows a histogram for a 50x5Omm section of 
data taken from the 0.75m specimen, the data section is larger than the internal damage and is 
roughly centred to the damage (see Fig. 4.7f). From the histogram it can be seen that 
undamaged laminate ranges in attenuation from 21-47dB, where as damaged laminate is 
characterised by a spike in the data at an attenuation of 123dB; corresponding to 20% of the 
50x5Omm section's area (2048 pixels). Only 18 pixels had an attenuation of 122dB and no 
pixels had an attenuation of 124dB, given this it was decided that an attenuation setting of 120- 
124dB would be used on all tests. The calculated internal damage area of each specimen can be 
seen in Table 4.3, it must be noted that these results are for the main body of damage, not the 
total damage area. For the Im and 1.25m test specimens, total damage area was larger than the 
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main body of damage, as extra damage away from the main body of damage occurred to the 
specimen, Fig. 4.7g illustrates this, hence these results should be viewed with a certain degree of 
margin. 
4.5.3. Impactor velocity and energy calculations 
Using strike and rebound time measurements made during each test, this section explains how 
impactor velocity and energies were calculated. 
Experimental and theoretical, strike velocity and IKE calculations 
From the equations of motion, for the strike velocity: 
vs = us + asts 
and 
S= usts +I as ts 
2 
(4.3-2) 
2 
where: 
v, - impactor velocity as it passes the bottom photo-slotted switch (strike velocity), m/s 
u, - impactor velocity as it passes the top photo-slotted switch, m/s 
a, - acceleration of impactor as it travels through triggering distance, m/s2 
t, - time of travelling the triggering distance (strike time), sec 
s- triggering distance between photo-slotted switches, 50.1 mm 
As the velocity of the impactor as it passes the top photo-slotted switch, u, is unknown. 
D- 
Rearranging Eq. (4.3-2): 
usts =S- as ts 2 
sI 
us =---asts ts 2 
And substituting into Eq. (4.3-1): 
sI 
vs --- asts + asts ts 2 
sI vs =-+-asts ts 2 
(4.3-3) 
However, the acceleration of the impactor as it travels through the triggering distance, a,, is 
unknown. To overcome this, it will be assumed to have resulted purely from the acceleration 
due to gravity, g=9.8 1 m/s 2=a, Actual acceleration of the impactor over the triggering 
distance would in fact be less, as mechanical kinetic fhction and drag effects also act on the 
impactor. It should be remembered that this assumption is only being made for the triggering 
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distance, s, not the entire drop height. Hence for large drop heights the effect of using Eq. (4.3- 
3) was negligible, for small drop heights however, where the triggering distance was a 
substantial proportion of the drop height the effect was noticeable. The experimentally 
calculated IKE is given by: 
Experimental ME =1 Mv, 2 
(4.3-4) 
Eqs. (4.3-3) and (4.3-4) respectively over-predict the strike velocity and energy. However, as no 
account of the offset in flag height has been made, as discussed in Section 4.2.3, the overall 
effect is probably an under-prediction in the above quantities. Hence, theoretically determined 
values of strike velocity and IKE will also be determined. As the potential energy of the 
impactor equals the kinetic energy of the impactor, once it has fallen a set height, the theoretical 
IKE can be calculated as: 
Theoretical IKE = mgh (4.3-5) 
where: 
m- mass of the impactor, 1.689kg 
h- drop height, m 
And the strike velocity will be given by: 
2 
lhv 2ýs= tfigh 
vs = -ý2gh (4.3-6) 
Experimental rebound velocity and energy calculations 
From the equations of motion, for the rebound velocity: 
S= Urtr +I artr 
2 (4.3-7) 
2 
where: 
u, - impactor velocity at bottom photo-slotted switch (rebound velocity), m/s 
a, - deceleration of impactor, m/S2 
t, - time of travelling the triggering distance (rebound time), sec 
In this case, the smallest deceleration the impactor will experience results from the acceleration 
due to gravity. Actual deceleration of the impactor would in fact be greater than 9.8 1 m/s 2. and 
would include mechanical kinetic ffiction and drag effects as mentioned earlier. Substituting in 
ar -= g, and rearranging Eq. (4.3-7), the rebound velocity is given by: 
S= Urtr + 9tr 
2 
4-10 
Ur =s-I 9tr (4.3-8) tr 2 
Hence, the experimentally calculated rebound energy is given by: 
12 
Experimental rebound energy= -mu, (4.3-9) 2 
However, the above calculation is only valid if the impacted specimen returns to its original un- 
impacted state, which was not true of the Im and 1.25m test specimens. For the other 
specimens, Eqs. (4.3-8) and (4.3-9) respectively under-predict the rebound velocity and energy. 
Absorption energy 
The absorption energy that occurs within a specimen during an impact can be calculated, by: 
Absorption energy = IKE - Rebound energy (4.3-10) 
As only experimental rebound energy is known, the above equation is only used to calculate 
experimentally determined absorption energy. Using the equations presented in the above 
subsections, impactor strike and rebound times, as well as theoretical and experimental, velocity 
and energy calculations, for each individual test, are presented in Table 4.1. 
4.6. Discussion 
In order to understand the development of damage within in a plate specimen, this section first 
compares the experimentally observed internal and external damage mechanisms. It then 
examines the experimentally calculated strike and rebound velocities, as well as their associated 
energies, and finishes by determining the damage map for this partial test configuration. 
4.6.1. Development of damage 
Even as low as 0.125m, the lowest drop height to be tested, this composite system under these 
conditions experienced a moderate amount of internal damage, 77mmý (10mm dia. ). At this low 
energy level however, no external damage to the impact site or to the distal side of the plate was 
observed. In fact, up to a drop height of 0.75m only impact indentation marks, with no damage 
to either the fibres or the matrix, indicated the occurrence of an impact to the impact surface. 
Given this, it is questionable whether such damage would be detected on practical applications, 
especially when the 0.75m specimen had an internal damage area of 523.3mm 2 (25.8mm dia. ), 
the importance of this issue is however addressed in Chapter 5. 
For the distal side of the plate, fibre splitting to the outer -45'ply under the point of impact was 
detected at a drop height of 0.25m. This damage was generally characterised by two or three 
parallel split lines, and on fin-ther increases in drop height, the extent of this damage increased in 
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significance. At a drop height of 0.5m, the section of material between parallel split lines 
delaminated, resulting in a protrusion of the -450ply from the plate's surface. It must be noted 
however, that no fibre fracture was observed. C-scan plots of all specimens, Fig. 4.7a-h, show 
that internal damage was generally very rectangular elliptical in shape and orientated with the 
±45' plies. Furthermore, projections of internal damage from the main body of damage, running 
in a 45' direction, were also observed. As internal damage was observed before fibre splitting 
(0.125m specimen), and as fibre splitting lines were shorter than the length of internal damage 
within a specimen (in the same 45' direction), it would be fair to conclude that fibre splitting 
resulted from the creation of internal damage. 
The 0.625m specimen was the first specimen to experience fibre fracture. Like the rear surface 
of the 0.5m specimen, the section of material between parallel fibre splits became delaminated, 
and it was this delaminated material directly beneath the point of impact that had experienced 
localised tensile fibre fracture; with the delaminated section of material becoming fractured in 
two. To understand what effect fibre fracture had, Table 4.3 lists the percentage change in 
internal damage area on consecutive tests; for example, an increase in drop height from 0.25m 
to 0.375m led to a 49% increase in internal damage area. From this table, it can be seen that 
while the specimens that did not experience fibre fi-acture, exhibited significant increases in 
damage area to consecutive increases in drop height; the 0.625m specimen however, only 
experienced a 6% increase. Therefore, the occurrence of fibre fracture curtailed the creation of 
internal damage, as energy absorption primarily occurred through the fibre fracture damage 
mechanism. It will therefore be interesting to assess what effect fibre fracture has on panel 
compressive strength for roughly the same internal damage area (0.5m and 0.625m specimens). 
On further increases in drop height, the severity of both internal and external damage increased 
until at a drop height of Im, fibre fracture and splitting of the impact surface within the 
indentation mark occurred. 
From the above discussion of both the internal and external damage characteristics, four distinct 
transitional regions or damage phases were identified, which may have an influence on the 
resulting damage map. Table 4.4 identifies these damage phases and summarises the above 
section. As only the 0.125m specimen experienced the Type I damage phase, the effect of a 
change in damage phase may only be seen in the Types 2-4. 
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4.6. Z Strike and rebound velocity 
The results for the theoretical and experimentally calculated velocities, listed in Table 4.1, are 
plotted in Fig. 4.9. From this figure it can be seen that over the entire drop height range, the 
experimentally calculated strike velocity is lower than the theoretical calculated one, as 
expected. This is due to the effects of mechanical kinetic ffiction, aerodynamic drag and errors 
introduced into the experimental set-up and in the calculation of strike velocity, as discussed 
earlier in Sections 4.2.3 and 4.5.3. Experimentally calculated rebound velocity is also plotted on 
Fig. 4.9; as energy has been absorbed by all specimens, this is lower than the experimentally 
calculated strike velocity. The impactor energy curves have the same inherent characteristics as 
the velocity curves, as the former is calculated from the latter, the discussion is ftuthered in the 
following section. 
4.6.3. IKE, rebound and absorption energy 
For the same reasons as those given above, the experimentally calculated values of IKE were 
less than the theoretical ones, Fig. 4.10. However, from the point of view of testing, what is 
reassuring is that although the experimental curve was offset from the theoretical curve, the 
experimentally calculated curve was linear, hence indicating that the quality of testing was 
good. Up to drop height of 0.5m a linear relationship between rebound energy and drop height 
was exhibited, after which the response plateau's off to a rebound energy of about 6.6J (2.8m/s) 
for the proceeding tests. This response was obviously the result of the different damage phases 
coming into play, Table 4.4. The absorption energy curve however gives better insight into what 
occurred, and three of the four damage phases are easily identifiable, as both differing slopes on 
the curve, as well as differing proportions of the experimental IKE curve. With regard to the 
latter, Table 4.1 lists the proportion of absorption energy as a percentage of ME On average for 
the Type 2 damage phase specimens, 19.6% of the IKE was absorbed as internal damage and 
external fibre splitting. With the inclusion of fibre fracture on the distal side of the plate, Type 3, 
absorption energy increased to 33.7%. And at penetration, Type 4, this increased still finther to 
67.5%, however it must be remembered that as the specimen did not return to its original 
location after the impact, this figure is in fact greater. Clearly, fibre fracture and its location of 
occurrence dramatically affect the energy absorption that occurs within a specimen. 
4.6.4. Damage map 
Determination of the shape of the damage map curve is particularly tricky, and many 
researchers have presented an array of curves [92-97], however a linear relationship between 
damage area and IKE is generally observed [97-100]. The problem lies in the that fact that 
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although it is very easy to construct a mathematical trendline, such a trendline in effect states 
that points outside the curve are either upper or lower extremes, or even experimental data 
flukes. This of course would be correct if only one damage mechanism occurred, however as 
already discussed in Section 4.6.1, the damage mechanisms that occurred within the laminate 
change with increased IKE and are coupled to one another. Clearly, the onset of fibre fracture 
for instance would result in a step in the resulting damage map. A particularly good example of 
this is found in the literature, [ 10 1 ], for clamped square 32ply graphite/epoxy plates impacted by 
a hemispherical nose shaped impactor (25.4mm dia. ), as illustrated in Fig. 4.11. 
'Although the difference in delamination threshold loads was only about 8% C-scan records 
reveal a significantly different type of damage response for two specimens. The damage in 
specimen P21-3-2 was almost entirely interlaminar delamination as evidenced by the small 
permanent indentation and minimal back face damage (not shown in figure). However, 
specimen PII-0-1 had a substantially larger permanent indentation depth and had significant 
backjace splitting andfibre peeling as manifested in the C-scan record as elongated regions 
protruding 45 'from the delaminated region. Each of the failure mechanisms absorb different 
amounts of energy and therefore the damage area alone does not accurately characterize the 
damage level or the amount of energy absorbed in thefracture process" 
Although this seems to question the use of a damage map, it must be remembered this example 
shows a transitional region between damage mechanisms at quite a high IKE (well after 
delarnination threshold has occurred). As long as transitional regions are recognised and the 
damage mechanisms do not change on consecutive tests, the construction of a useful damage 
map is possible. What is clear however, is that in order to determine the shape of the damage 
map the sequence of damage development needs to be incorporated into the interpretation of the 
results. 
Fig. 4.12 plots experimentally calculated IKE, rebound and absorption energy against damage 
area. Due to the distinctive shape of the absorption energy curve and the fact that as it is directly 
related to the development of damage phases that occurred (Table 4.4), it is examined first and 
is re-plotted for convenience in Fig. 4.13. For Type I and 2 damage phases a linear response 
between damage area and absorption energy is observed, which is consistent with the main 
damage mechanism, namely delarnination. Furthermore, on projection of this curve to the 
azimuth, the line intersects at a point corresponding to zero absorption energy for zero damage 
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area, which is highly reassuring. Hence, a damage area-absorption energy relationship of 
245.5mmý/J or 4073J/m2 is calculated. Unfortunately, due to the number of data points 
available, the shape of the curve during the Type 3 damage phase is unclear. This however is 
not the case for the Type 4 damage phase, as penetration of the laminate by the impactor was 
localised to the impactor's nose, and as penetration was characterised by fibre fracture of the 
impact surface, which accounts for the majority of the energy absorbed, a maximum damage 
area was reached. Hence, a horizontal line on the curve at a damage area of 630mmý was drawn 
to illustrate this. However, it would not be unreasonable to assume that a greater damage area 
than this could be achieved at the Type 3 to 4 transitional damage phase, unfortunately extra 
testing that resulted in absorption energies of 6J to 8J would be required in order to clarify this 
issue. 
For the rebound energy curve, Fig. 4.12, if the last two data points that correspond to 
penetration of the laminate are ignored (Im. and 1.25m specimens), then the proceeding 
response could be judged to be linear, however no justification as to why this should be the case 
is forthcoming. The hook created by the last two data points is a result of the fact that for 
identification reasons the test data is plotted in sequence, and nothing anomalous occurred. 
Fig. 4.14 plots both experimentally calculated and theoretical values of IKE against damage 
area, hence showing the upper and lower IKE limit. Initially it is tempting to think that a linear 
relationship between damage area and IKE is observed, however if this were true such a 
response would intersect the azimuth at a damage area of 30mm2 for zero experimental IKE, 
which simply cannot be correct. Also, on closer examination of the curve, with the exception of 
two datum points at 7.8J and 19.6J (0.5m and 1.25m specimen), the curve can be seen to be 
slightly convex in shape. As with the absorption energy curve discussed earlier, the damage 
area-IKE response should be expected to reach a maximum damage area when penetration of 
the laminate occurs, hence explaining the position of the 19.6J datum point. However for the 
7.8J datum point, the only reason for it to be off the perceived convex curve is because it is at 
the Type 2 to 3 transitional damage phase. Given this, with this number of data points, it is very 
hard to conclude the true shape of the damage map and any curve drawn that tries to account for 
the different damage phases would be speculative at best, in particular where the curve 
intersects the x-axis. As a result, a second order polynomial curve of best fit will be used, Fig. 
4.15 plots this. The advantage of using such a curve is that it captures the perceived convex 
shape and the maximum damage area at penetration. Scarpone et al [92] used a similar curve to 
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map the response of 16ply carbon/epoxy quasi-isotropic plates clamped in 40mm supports and 
impacted with a 12.7mm hemispherical nose shape. Using this technique an average damage 
threshold IKE of 1.1 J was determined. 
4.7. Conclusion 
A thorough experimental investigation on quasi-isotropic carbon/epoxy circular plates subjected 
to a single transverse impact load was carried out. Ultrasonic inspection of specimens revealed 
impact induced internal damage was rectangular elliptical in shape and orientated with the ±45' 
plies. Projections of internal damage in the 45' direction from the main body of damage were 
also observed. From examination of each specimen's internal and external failure mechanisms, 
four distinctive damage phases corresponding to increasing IKE were identified. The first 
detectable damage occurred within the laminate and was believed to primarily consist of 
delamination and matrix cracking. On an increase in impact energy, fibre splitting under the 
point of impact on the distal side of the plate occurred, its occurrence and severity was directly 
linked to the amount of internal damaged created. In the third damage phase, tensile fibre 
fracture to the distal side of the plate was exhibited. As a result of such fracture, the energy 
absorbing capability of the plate had in effect been enhanced and the creation of internal 
damage became curtailed. A finther increase in impact energy led to fibre fracture directly 
under the point of contact, hence signalling the start of penetration. 
As a result of the multiple damage phases outlined above, the sequence of damage development 
needed to be incorporated into the interpretation of the desired damage map. For the relationship 
between absorption energy and internal damage area this was relatively easy and experimental 
results were very reassuring. However, for the relationship between IKE and damage area, due 
to the distribution of data points, determination of the damage map's true shape proved to be 
less straightforward. It is believed that a non-linear polynomial response that plateau's off at the 
start of specimen penetration best characterised the damage map. From this an internal damage 
threshold level of 1.1 J was determined. 
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Chapter 5 
5. In-plane compression testing of impacted panels 
In this chapter, a custom made CAI test rig is used to perform damage tolerance assessment of 
the impacted plate specimens generated in Chapter 4. To assess the performance degradation of 
impacted panels, intact specimens are also tested. 
5.1. Specimen geometry and manufacture 
Using the cutting technique described in Appendix 1.4, the impacted plate specimens were cut 
to the 150xlOOmm specimen size used by the CAI rig. All plates were cut in a way as to 
centralise the 100mm test diameter to the width of the panel and the central plies to the loading 
direction. The width and thickness of each panel was then measured and recorded at 25mm 
intervals around the panel's periphery with the use of a Vernier caliper. Manufacture of the 
intact or control panel specimens is described in Chapter 6; a total of three were made. A 
schematic of a generic panel specimen can be seen in Fig. 5.1, for this particular CAI test rig 
epoxy potted loading ends needed to be added to the panel. These epoxy ends added no 
significant strength to the panel, they were added to enable correct set-up of a specimen in the 
CAI rig and to improve stability on initial loading. Appendix 111.1 explains how the epoxy 
potted ends were added to a specimen and machined flat to ensure square aligmnent in the CAI 
rig. After machining, the panel's height was measured and recorded at 25mm intervals with the 
use of a Vernier caliper. 
5. Z Experimental equipment 
Fig. 5.2 shows an end view of the CAI rig used. To prevent global buckling of the panel at the 
initial stage of loading, two pairs of cylindrical-edge support plates were fitted within the rig. 
Through the use of adjustable bolts, these I 10mm long, 80mm spaced support plates were 
positioned squarely to the panel's front and rear surfaces. It must be noted that these supports did 
not load the panel and lateral slippage of the panel between the supports was allowed. The panel 
was positioned in the CAI rig so that the bottom epoxy potted end sat flat on the CAI rig's base 
plate while the top end was loaded through a loading pad which was attached to the Mand 
machine's crosshead. Although not shown in the diagram, access holes along each side of the 
CAI rig allowed for the passage of strain gauge wires from the specimen's surface. 
Unfortunately, these access holes were not large enough for a video camera to be used to record 
the panel's surface during testing; this also means that Moire fiinge and Shearography 
measurement techniques can not be used with this CAI rig. 
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5.3. Experimental set-up 
The same specimen coding system is used here as that used for the transversely impacted large 
plates (Chapter 4). For the control panels a two-letter coding sequence was adopted, with the 
first letter standing for control panel and the second letter being the specimen name i. e. CA. 
5.3.1. Strain gauge locations for a generic panel 
As explained earlier in this chapter, two different types of panel specimens, namely, control and 
impacted will be tested. As this work is ftirthered in Chapter 6 with the introduction of 
artificially delaminated panels, Fig. 5.1 shows a schematic of a generic panel specimen 
applicable to the three different panel types. From the figure it can be seen that back-to-back 
single-element TML FLA-5-11 strain gauge pairings and two-element TML FCA-3-11 900 
rosette pairings (Appendix 11.4) were bonded at various locations on a panel's surface. Strain 
gauge pairs at locations A, B, G and H were called Far-field gauges, where as those at J and I 
were called Mid-field gauges. Far-field gauges allowed for qualitative and quantitative 
comparisons to be made between panels of a particular type and also between panel types. The 
Mid-field gauges were used in conjunction with the Far-field ones to gain addition 
understanding of panel global behaviour. 
For illustrative purposes, at the centre of the generic panel an artificially embedded 
delamination was included. Bonded across the delamination, strain pairings at locations C-E 
measured longitudinal and transverse strain. These gauges were therefore intended to gain 
information on the localised state of the sublaminate during testing. Unfortunately, due to 
external damage on the impacted specimens this location could only be used on the control and 
artificially delaminated panels. At lmm offset from the edge of the delamination, strain pairings 
at locations D-F measure longitudinal and transverse strain respectively. These gauge pairings 
were intended to monitor the potential propagation of a damage during loading and were 
included on all delaminated and some impacted specimens. 
5.3.2 Strain gauge locations for impacted panels 
Table 5.1 shows the test matrix, a total of three control and seven impacted tests were 
performed. While the control panels used a variety of Far and Mid-field gauge locations, all 
impacted panels only used the Far-field strain gauge pairing at location B. Impacted panel 
specimens however were split into two sub-groups, the Comparison tests and the Assessment 
tests. 
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The aim of the Comparison tests was to directly compare panels with impact induced damage to 
those containing an artificially embedded delamination of circular shape (Chapter 7). Hence, 
panels with appropriately sized damage diameters (calculated as a circular shape) were selected 
as Comparison tests. From the table it can be seen that only two impacted panels were selected; 
specimens 0.125m and 0.375m will be compared respectively to preconditioned panels 
containing circular delaminations of 10mm and 20mm diameter (specimens CRIO and CR20, 
Chapter 6). Two-element TML FCA-3-11 90' rosette pairings at locations D-F enable a direct 
comparison to be made. These strain gauge pairings respectively measured longitudinal and 
transverse strain at aI mm offset position from the edge of the delamination. However, this 
offset position was to the artificial delamination diameter, not the impact induced damage 
diameter. These gauges were therefore intended to monitor the potential propagation of impact 
induced damage. 
Those panels not selected to be Comparison tests are Assessment tests. The difference between 
these two test types is the fact that the two-element TML FCA-3-11 90' rosette pairings at 
locations D-F are not related to an artificial delamination size and are located 2mm offset from 
the edge of the impact induced damage calculated as a circular shape. For example, specimen 
0.75m had an irregular shaped impact induced damage area of 523.3nIM2 (Fig. 4.7f, Chapter 4), 
this corresponded to a circular damage diameter of 25.8mm. Strain gauge pairings D-F would 
therefore be located 14.9mm from the centre of impact. To distinguish this different approach to 
the positioning of strain gauges, locations D-F for the Assessment tests are instead labelled K 
and L respectively. For clarification of the above see Table 5.1. 
5.3.3. CAI and Mand machine set-up 
To ensure that debris from a previous test did not come between either of the panel's two 
loading interfaces, the CAI rig was first cleaned. With the anti-buckling supports removed and 
the adjustable bolts full out, strain gauge wires were fed into the CAI rig and out through the 
appropriate access holes to the outside world. The panel was then lowered down into the CAI 
rig to sit on the base plate. With the panel's width aligned with the CAI fig's centreline, the strain 
gauge wires were fully extended from the CAI rig to ensure they did not interfere with the set- 
up any ftirther. To align the anti-buckling support plates to the panel, one support plate pairing 
was aligned to the panel's position as described above, this pairing dictated panel vertical 
aligm-nent. The second pairing was then presented to the panel, and dictated the contact friction 
between the panel and the supports. Lateral slippage with a small amount of contact ffiction was 
allowed. Generally, the outer two support plate adjustable bolts, Fig. 5.2, were used in the 
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positioning of the plates, with the middle bolt only being used once satisfactory alignment had 
been obtained. Also, it was found to be easier to position the plates that dictated panel vertical 
alignment one at a time to the panel, whereas the pairing that dictated contact ffiction were best 
aligned together. Pencil marks on the specimens top epoxy potted end were used to position the 
specimen to the anti-buckling supports, hence aligning the panel to the centre of the CAI rig. 
As shown in Fig. 5.2, a loading pad was fitted to the Mand machine's crosshead. With a dummy 
specimen placed under the loading pad, the Mand machine's loading jack was positioned to the 
optimal test position (Appendix 11.1). The CAI rig was then positioned under the loading pad, 
and pencil drawn cross hairs on both the specimen and the loading pad were aligned to one 
another. Before testing, both contact surfaces were cleaned with paper towel to ensure that there 
was no debris between the loading pad-specimen interface. 
5.4. Test procedure 
The Mand machine was set-up in accordance with the procedure outlined in Appendix 11.1. For 
the control panels, 0.125m and 0.25m impacted panel specimens a load range setting of I OWN 
was used, for the subsequent impacted panel specimens this was reduced to the 50kN setting. A 
ramp rate of lmm/min was used on all the panel specimens tested. The Orion data logger and 
associated computer (Appendix 11.3) were used to collect load and displacement data from the 
Mand machine and strain data from the specimen. The data logger collected data at a rate of 0.5 
sample/second (0.5Hz) and was initialised once the loading was positioned just above the 
panel's epoxy potted end. In some cases Video footage of each test was recorded on a Panasonic 
video camera (Model NV-MSAB), see Table 5.1. 
5.5. Analytical panel buckling theory 
To complement the experimental work, analytical panel buckling theory will be used. As no 
appropriate analytical laminate theory was forthcoming from the literature, and that which was 
available was only applicable to specially orthotropic [ 102-103] or thin-walled laminates [ 104], 
it was therefore decided for simplicity, that an isotropic panel buckling theory would be 
considered. The following subsection will use macro-mechanical analysis to predict the panel's 
longitudinal Young's Modulus, E, and Poisson ratio, vy. The second subsection will then use 
these mechanical properties to determine the critical buckling load for a number of isotropic 
panel configurations. 
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5.5.1. Macro-mechanical analysis 
Using macro-mechanical analysis outlined in reference [105] and the compressive mechanical 
properties for this composite system determined earlier in Chapter 2: 
Calculate Reduced Stiffness matrix 
[Q 
y 
]: 
Qll =- 
EI 119.76 
= 120.89 1- V12V21 1- 0.34 x 0.028 
Q22 =_ 
E2 9.84 
= 9.93 1- V12V21 I-0.34 x 0.028 
V21E, V12E2 0.34 x 9.84 Q 
12 
Q 
21 
- V12V21 1- V12V21 1- 0.34 x 0.028 
-3.35 
Q66 = 
G12 
= 5.5 
therefore: 
120.89 3.35 0 
[Q, 
j 3.3 5 9.93 0 GPa 
005.50_ 
Calculate Transformed Reduced Stifffiess matrix 
rQ 
y 
]: 
rQll]=QIICOS 40+ 2(QI2+ 2Q66) sin 2 OCOS2 0+ Q22sin 40 
then: 
0=0' => 
rQll]=Qll 
0=+45'=> rQ,, ]=39.88 
0=-45'=> rQ,, ]=39.88 
90' => 
rQl 
II= Q22 
rQ12 I= (Ql 
I+ Q22 - 4Q66)sin 
2 OCOS2 0+ Q12 (sin 40+ COS4 0) 
then: 
00 => 
rQ12 I= Q12 
+451 => 
rQ12 ]= 28.88 
-45' => 
rQ12 ]= 
28.88 
90' => 
rQ12 I= 
Q12 
sin 
40+ 2(Q + 2Q66)sin 2 OCOS2 O+Q22 COS4 
rQ221 
Qll 
12 
(5.5-1) 
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then: 
00 =: ý' 
rQ 
22 
1=Q 
22 
+45' => 
rQ22 ]= 39.88 
-450 => 
rQ22 ]= 39.88 
0=90'=> rQ22]=Qll 
rQ161 (Q 
II- Q12 - 2Q66)sin 0 cos' 0+(Q12 -Q22 +2Q66 
)sin' OcosO 
then: 
o=0' => 
rQj=() 
+451 => 
rQ 
16 
]= 
27.74 
-450 => 
rQ 
16 
1= 
-27.74 
0=90'=> rQ161=0 
rQ26 I: 
- (Ql I- Q12 - 2Q66)sin' 0 COS 0+ 
(Q12 
- Q22 + 2Q66)sin 0 COS' 
then: 
0= 00 => 
rQ261 
=0 
+451 => 
rQ 
26 
]=27.74 
-451 => 
rQ 
II]= -27.74 
0=90'=> 
rQ261=0 
--: 
(Ql 
I+ 
Q22 
12 
2 OCOS2 0+ Q66 (sin 40+ COS4 
rQ 
66 
]: 
" - 2Q - 2Q66)sin 
then: 
00 => 
rQ66 ]= 
Q66 
451 => 
rQ, 
I]= 31.03 
therefore: 
-451 => 
rQ, 
I]= 31.03 
900 => 
rQ66 I= 
Q66 
120.89 3.35 0 
rQ] 
O= 3.35 9.93 0 GPa 
005.50_ 
39.88 28.88 27.74 
rQ] 
+45 
28.88 39.88 27.74 GPa 
_ 
27.74 27.74 31.03 
_ 
(5.5-2) 
(5.5-3) 
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39.88 28.88 -27.74 rQ1 28.88 39.88 -27.74 GPa 
_- 
27.74 - 27.74 31.03 
9.93 3.35 0 
rQ] 
go= 3.35 120.89 0 GPa 
L005.50, 
Calculate [A] matrix: 
n rQU) (Zk - Zk-I 
k=l k 
However as laminate made with constant ply thickness of 0.125 nun: 
n 
Ay. tk 
k=l k 
As the laminate is symmetric: 
n ý/2 
Au = 21: 
rQij) tk 
k=l k 
As each half is made up of two identical stacking sequences: 
ý/4 
A. - = 4E y , 
rQU) tk 
k=1 k 
therefore: 
[AU ]=4x0.125 
x 
rQ]-45 
+ 
rQJO 
+ 
rQý45 
+ 
rQý 1 
106.34 
[A] 32.56 
0 
32.56 0 
106.34 0 GPa-mm 
0 36.89_ 
(5.5-4) 
(5.5-5) 
(5.5-6) 
Inverting [A] matrix: 
0.010 -0.0032 0 
0.0032 0.010 0 (GPa-mm)-1 (5.5-7) 
000.0271_ 
For symmetric lay up, [B] is zero. Hence the laminate's constitutive equation for uniaxial 
compressive loading, NY = Ný, y = 
0, is: 
Nx I Ex 0 All 
A12 0 Ex 
0 
0f 
=[A cyo 
A12 A22 0 EY 
0 (5.5-8) 
0 . 6xy 
000 A66 
_j 
6 
XY 
0 
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Inverting Eq. (5.5-8): 
Ex 
01 Ný, I -All A12 0 --1 r Ný, I 
EY 0 [A]-'I 0f=A, 2 
A22 010f (5.5-9) 
EXY 00 L- 
00 A66 
-1 
0 
Hence, the panel's longitudinal Young's Modulus, E,, is given by: 
ex 
0 A, l'Nx = 
07X N, It 
Ex Ex 
I 
Ex = 
tAl 1' 
(5.5-10) 
To predict Poisson's ratio Eq. (5.5-8) yields: 
Nx = Allex 0+ AI2c y'30= 
A12 ex 
0+ A22 ey 
' 
Solving these two equations for mid-plane strains gives: 
ex 0 
A22 
2 Nx AIIA22- A12 
o- 
A12 
0 
A12 
cy- -ex =-2- Nx A22 AIIA22- A12 
Using the definition of major Poisson's ratio, v, . 'Y: 
CY 
0 
All 
XY ex 0 
A22 (5.5-11) 
Substituting the relevant values into Eqs. (5.5- 10) and (5.5-11), the following panel mechanical 
properties are detennined: 
Longitudinal Young's Modulus, Ex 
2.08 x10.010 
= 47.71 GPa 
Major Poisson's ratio, vxy = 
32.56 
0.3 
106.34 
5.5.2 Critical buckling loads 
As it is unclear how a panel's loading and unloaded edges are "truly" supported by the CAI rig, 
this section will examine a number of panel configurations. For the two loading edges both 
clamped and simply supported conditions will be considered, where as the simply supported 
condition will only be considered for the unloaded edges. However, as the panel was allowed to 
slip between the anti-buckling supports during loading, the support width, c, (Fig. 5.1) in effect 
changes during the test, therefore support widths of 80mm and 100mrn were considered. The 
issue of experimental boundary conditions will be raised again in the discussion. 
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Fig. 5.3 is taken form ESDU data sheet 72019 [1061. For a particular anti-buckling support 
width (aspect ratio) the critical buckling mode shape, s, and factor, k, can be deten-nined for the 
loading edges clamped condition. A similar chart from this reference was used to determine the 
above for the loading edges simply supported condition. As: 
'cy' 
.,. co = 
ax 
co k 
where: 
(5.5-12) 
ux - compressive stress in x-direction at which the panel first buckles assuming linear 
elasticity, N/M2 
a, - elastic buckling stress of a long simply supported panel under uniaxial compression, 
N/m2, defined as: 
07 
0 =- 
Z2 Ex t2 
3(1 _ vxy 
2) 
a 
t- panel thickness, mm 
a- panel width, mm 
(5.5-13) 
Substituting Eq. (5.5-12) into Eq. (5.5-13) and re-arranging, the critical buckling stress, a, is 
given by: 
,u 
kZ 2 Ex t )2 
x 
3(1 _V xy 
2) 
a 
(5.5-14) 
As the critical buckling force, P, = u., x at, Eq. (5.5 -14) becomes: 
1_ Vxyq a 
kir 2 Exat )2 
3F 
(5.5-15) 
Table 5.2 lists the calculated critical buckling stress and load, for each of the various panel 
configurations considered. It is interesting to see from the table that for three of the four 
configurations, the panel buckled along its length into two half-wave shapes (Mode 2). These 
results are discussed in Section 5.7.3, after the mechanical behaviour of the control panels is 
experimentally determined. 
5.6. Results 
Due to the shear amount of data collected, this section firstly presents an overview of the results 
with regard to damage tolerance then a detailed description of the specimen failure 
characteristics and test observations is made. Example load-displacement and load-strain plots 
are only presented in the discussion, as and when required. 
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5-6.1. Compressive strength 
Table 5.3 lists the maximum load achieved during testing; by using Eq. (2.4-4) (Chapter 2) and 
the average width and thickness of each panel, the compressive strength is calculated. Using 
data from Chapter 4, Fig. 5.4a plots the CAI strength of individual tests against IKE, and Fig. 
5-4b plots CA1 strength against impact induced damage area. While the former figure is the 
more standard way of illustrating damage tolerance the latter is more applicable to the present 
project, as it enables a direct comparison to be made with the artificially embedded panel 
specimens (Chapter 7). Regardless of the failure mechanisms or the deformation processes that 
occurred, what is clear from either of these two figures is that the maximum compressive 
loading capability of a plate is reduced if that plate is subjected to an impact. While the 0.125m 
specimen showed no degradation in compressive strength, above a drop height of 0.5m (>7.8J) 
specimens on average showed a 33.2% reduction. 
5AZ Description of failure characteristics 
The following general failure characteristics have been identified from the examination of both 
the control and impacted panel specimens (see Fig. 5.5 for example): 
" External damage to the panel's front and back surfaces coincided with the -45' outer ply; 
with fibre splitting running with and fibre fracture perpendicular to fibre direction. 
" External damage to the outer ply was not always apparent across the entire width of the 
panel, however it was always exhibited at the panel's edges. 
" For the control panels, on tapping the laminate's surface with a coin, due to a change in 
material stiffness, internal damage linking edge damage regions together was detected. 
Similarly for the impacted panels, internal damage created as a result of compressive failure, 
linking edge and impacted induced internal damage regions together could also be detected. 
In some instances a bulging of externally undamaged material was observed and where the 
bulging became significant external fibre splitting occurred. 
On viewing the panel across its thickness, two damage patterns were observed, namely edge 
splitting and shearing. An example of each can be seen on the left and right hand edges of 
control specimen CA respectively, Fig. 5.5. Edge splitting was characterised by localised 
fibre fracture across the thickness of the panel; as a result, the two sections of laminate 
either side of the fracture location split into multiple sub-laminates that "sprayed" outwards 
either side of the panel's centreline. With edge shearing however, fibre fracture 
predominately occurred at two surface locations either side of the panel, offset from one 
another. A diagonal fracture line made up of delamination and fibre fi-acture connected 
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these two fracture regions together. However it must be noted that while some tests had a 
very distinctive damage pattern that can be easily classified, others appeared to have 
damage patterns that could be deemed a combination of the two. 
* None of the specimens epoxy potted ends were fractured in any way. 
Table 5.3 lists the type, location and length of damage found on each specimen's edges. 
Control panels 
Fig. 5.5 and Fig. 5.6 show pictures of failed control specimens CA and CB respectively. 
Although both specimens failed catastrophically at precisely the same load, Table 5.3, the 
location of failure was however different, with CA failing roughly at the panel's mid-height 
(65.8mm), the ideal location, whereas CB failed at the upper half of the specimen (108MM). 
Due to such inconsistency it might be expected that the response of each panel would be 
different, however load-displacement and load-strain data, to be shown later, show that both 
panel responses were nearly identical. Control specimen CC (not shown) failed in a similar 
manner as that described by CA. 
Impacted panels 
Fig. 5.7 and Fig. 5.8 show pictures of failed impacted specimens 0.125m and 0.25m 
respectively. The failure characteristics of the 0.25m specimen are typical for the majority of the 
impacted panel specimens tested, with the location of failure occurring roughly at the panel's 
mid-height, see Table 5.3. Clearly at this failure location damage as a result of compressive 
failure passes through the impact induced internal damage region, as the impact induced 
damage was responsible for the compressive failure of the panel. For the 0.125m specimen 
however, the location of failure was notably higher than panel mid-height (97.3mm), indicating 
that compressive failure was not perhaps induced by impact damage, this issue will be discussed 
later. 
Fig. 5.9 shows the failure characteristics of the Im panel specimen and Fig. 5.10 shows the 
same specimen before it had been loaded in compression. It must be noted that due to the nature 
of external damage, application of strain gauges reversed plate to panel surface identification. 
Hence, the rear surface of the impacted plate specimen (Fig. 5.10) is the front face of the panel 
specimen (Fig. 5.9). It must also be noted that the reverse identification of surfaces was 
maintained for all the impacted panel specimens tested. On comparing the two figures it can be 
seen that the external impact induced damage to the rear surface of the plate (Fig. 5.10), made 
up of fibre fracture and splitting, is identical to that on the panel's front surface even after it 
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failed in compression. Examination of all the other impact specimen's with rear impact surface 
damage, showed no growth in fibre fracture at the impact site and only very marginal growth of 
fibre splitting. New fibre splitting lines were found close to impact sites, however these appear 
to be the result of material bulging, as described earlier, rather than from growth of existing 
fibre splitting damage. As for front surface impact induced damage (back surface of panel), only 
the Im specimen experienced such a type of failure during impact testing. Comparing before 
and after pictures, fibre fracture and splitting of the outer ply did progress from the impact site, 
but only from one fracture path and only to one of the panel's edges. 
5.6.3. Test observations 
Using video playback of each test, Table 5.5 lists observations made. Generally, final panel 
failure was instantaneous and catastrophic, however for impacted panels with considerable 
impact damage (>0.5m) such failure was notably slower and of reduced intensity simply 
because the load at which failure occurred was reduced. Also, as will be shown later in the load- 
displacement plots, maximum load for some of the specimens did not coincide with catastrophic 
failure. For the control, 0.125m and 0.25m specimens however, it did, and although some panel 
global movement was heard well before failure, only single fibre fracture was detected in one or 
two instances just before failure. As to which part of the panel, ends, edges or surface, and what 
effect panel global movement had, is unclear at this stage in the examination. Visual 
observations of control specimens CA and CB, as well as video playback of control specimen 
CC and the 0.125m impact specimen, showed that before maximum load was achieved the 
panel buckled along its length into a two half-wave or Mode 2 buckling shape. Such buckling 
had to be confirmed by the examination of the strain data. 
For the other impacted panels (>0.375m) before and in some instances after maximum load was 
achieved dull short cracking sounds could be heard, see Table 5.4. These were relatively low in 
magnitude and appeared to be localised to a section of the panel, therefore interpreted as matrix 
cracking. As the duration, magnitude and pitch of the sound itself varied, stepwise propagation 
of delamination is believed to have occurred. For the specimens that experienced a load drop 
before catastrophic failure (0.5m, 0.625m and 0.75m), it is interesting to see from the table how 
the damage mechanisms that caused the load drop, changed on subsequent tests. Failure at 
maximum load for the 0.5m and 0.625m specimens was similar in nature to that at catastrophic 
failure, however of reduced intensity and audibly duller, or hollow in appearance. Although no 
damage was detected on the edge of the panel being filmed, it is believed that damage did occur 
to the other edge. Therefore, such damage is primarily deemed to be sizeable propagation of 
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internal delaminations with accompanied fibre fracture. For the 0.75m specimen however, a 
significant load drop before catastrophic failure was attributed to a considerable propagation of 
internal delamination; and after the load drop delamination propagation became continuous and 
repeated, very reminiscent of the Mode I fracture toughness tests performed in Chapter 2. For 
this specimen the load at catastrophic failure was also the specimen's maximum load. 
5.6.4. Strain data overview 
Since back-to-back strain gauges pairings were bonded at various locations on a panel's surface, 
local mean and bending strain data can be calculated from individual normal strain responses: 
Mean strain = 
Front surface normal strain + Rear surface normal strain (5.5-16) 
2 
Bending strain = Front surface normal strain - Rear surface normal strain (5.5-17) 
Table 5.5 illustrates possible defon-nation scenarios, although undamaged material deformation 
is relatively straightforward, mean and bending strain data is a lot harder to interpret across a 
delarnination. As all strain gauges locations however should be initially located across 
undamaged sections of laminate material, the potential propagation of a delarnination between 
the pairings should be identifiable on the strain responses. 
5.7. Discussion 
In order to assess the effect of impact damage on the compressive strength of a panel, 
understanding of the control panel's general mechanical behaviour was first required. Once this 
had been achieved, how that behaviour relates to individual strain gauge locations on the panel 
could be determined and a comparison of all three control panels can be made. A summary of 
the control panel's defort-nation process is presented in Section 5.7.3. 
To assess the effect of impact damage, an overview relating measured impact damage to panel 
compressive strength is first considered. Then, through the use of load-displacement, load-strain 
and test observations, the general mechanical behaviour of the impacted panels is determined 
and compared to the control panel template. Localised deformation close to the point of impact 
is then related to the deformation process and test observations, to determine what effect 
internal delamination had on the promotion of failure. 
5.7.1. General mechanical behaviour of control panels 
As described earlier in the examination of the test observations, before catastrophic failure all 
control panels exhibited a very distinctive classic Mode 11 buckling shape. Unfortunately, due to 
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the number and location of strain gauges used on control specimens CA and CB, and an 
underestimation of the complexity of the deformation process, identification of this buckling 
shape on the strain responses was at best wanting. Hence, a third control panel, CC, with five 
strain gauge pairings all orientated in the same plane, was employed to give better insight into 
the deformation process. As bending strain is directly related to deformation, if the bending 
strain at each strain gauge pairing was plotted against that pairing's location on the panel, at a 
particular load, the shape of the panel at that load could be realised. For simplicity Fig. 5.11 a-b 
respectively plot the shape of the panel, in 5kN steps, between OkN to 32.8kN and 32.8kN to 
50.6kN. It must be noted however that this method of illustration extrapolates the data using a 
smoothing function within the data processing package and automatically assumes a simply 
supported loading edge condition; while the former issue is relatively minor, the latter, that of 
boundary condition is important. As explained earlier, how the panel's loading edges were 
supported is unclear, as the experimental test set-up was neither truly simply supported nor 
clamped, to discuss this ftirther we will only consider the 50.6kN curve plotted on Fig. 5.1 lb. 
Clearly, at this particular load the panel buckled into a predominate Mode 11 sinusoidal shape 
which was observed on both video playback of the test and in the bending strain data. As the 
local bending shape at locations 1, C and J corroborates both boundary configurations, the real 
question to be answered is "what occurred at locations H and BT' For a simply supported 
loading edge, the buckling shape of the panel would be the same as that plotted in Fig. 5.1 lb, 
with regions of contra-flexure occurring at zero bending strain, which is also the panel's un- 
deformed centreline. Given this, although an overriding Mode 11 shape was described, due to 
the relative magnitude and direction of bending strain at locations H and B in comparison to that 
at locations I and J, it could be argued that a Mode IV buckling shape was in fact occurring. 
Although a lower energy buckling shape should have been expected and is predicted in Section 
5.5.2ý it should also be remembered that the simply supported unloaded edges did not support 
the panel over its entire length, see Fig. 5.1, so perhaps such a mode shape may have been 
possible. However, as already stated, video playback of control specimen CC showed that a 
classic Mode II sinusoidal shape occurred over the entire panel's length, and the local pattern 
and magnitude of bending at locations B and H as described by Fig. 5.1 lb was not observed. 
Instead, bending at these locations appeared to occur on the opposite side of the panel's 
centreline, and spring back of the panel at catastrophic failure confirmed this. Furthermore, if 
the panel had buckled in the manner described in Fig. 5.1 lb, would failure not have occurred at 
either the loading edge itself or close to the point of contra-flexure between locations H and 1, or 
J and B? For control specimen CB it did, but for control specimens CA and CC failure occurred 
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at roughly the panel's mid-height. Given the above, significant rotational resistance at the panels 
loading edges appeared to occur and a "more" clamped or "moveable clamped" loading edge 
condition was accounted for. Hence, a Mode 11 sinusoidal shape similar to that illustrated in Fig. 
5.12 was believed to have occurred. The most prominent feature of this shape is the fact that 
points of contra-flexure did not necessarily coincide along the panel's un-deformed centreline. 
Later in the analysis of the impacted specimens photographic evidence will be presented that 
confirms this. 
As a result of the above discussion, Fig. 5.11 a-b do not show the true nature of the panel's shape 
during loading, however if a moveable clamped loading edge condition is accounted for during 
their examination, they still provide good insight into the nature of the deformation process. 
From Fig. 5.11 a it can be seen that at low load increments, 0-20.2kN, the panel's shape was 
relatively straight, as expected, although at locations I and Ca very slight Mode I half wave 
shape was apparent in the 15.5kN and 20.2kN curves. At 26.2kN appreciable panel bending 
occurred, however the shape of the panel was somewhat confusing. Although initially thought 
to be an exaggeration of the Mode I shape, due to the magnitude and progressive bending at 
locations H, 1, C and J, as indicated on the figure with arrows, such a waveform would not 
explain the bending curvature at location B. Hence, the Mode I waveform progressed into a 
lopsided Mode 11 sinusoidal shape, with the top half of the waveform being substantially larger 
and longer than the bottom half, as illustrated in Fig. 5.12. Unfortunately, at such low loads, 
video play back offers no evidence to support this. The shape of this hybrid Mode H waveform 
continued to develop until a critical buckling load of 32.8kN (exact value) was reached, where 
the panel then buckled into the classic Mode II shape, as discussed earlier. As the panel buckled 
from one type of Mode 11 shape into another, only bending strain at location C detected this 
transition as a reversal in its bending strain response, see arrows on Fig. 5.11 a-b. For an ideal 
Mode 11 shape location C should be at the point of contra-flexure between half waves, hence 
exhibiting zero bending strain, therefore such a reduction in the magnitude of bending strain at 
location C identifies the initiation of the classic Mode 11 buckling shape. Given this, changes in 
the response of both the load-displacement and load-strain curves should have been evident at 
this particular load. 
Load-displacement curves 
Load-displacement curves for the three control specimens can be seen in Fig. 5.13a. All three 
curves exhibit the same response to loading, which is characterised by an initial non-linear 
region, followed by three linear responses to catastrophic failure. Fig. 5.13b re-plots the 
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response from control specimen CA and superimposes onto the figure the identified responses. 
The following characteristics are identified: 
9 Before and after both points of intersection between linear regions no reduction in load was 
observed, loading was always progressive. 
" The second linear region exhibited a stiffer response to loading to the first and third regions. 
" At catastrophic failure all load carrying capability was lost. 
The initial non-linear response, illustrated in Fig. 5.13b, was attributed to slack being taken up 
within the system and the first linear response resulted from straight or unbuckled compressive 
loading of the panel, both of which were expected. As the third linear response clearly resulted 
from the classic Mode 11 panel buckling shape, with the second intersection point on the load- 
displacement plot corresponding to that shapes critical buckling load, the second linearity 
resulted from both the Mode I and hybrid Mode 11 deformation shapes. Furthermore, as a 
consequence of panel buckling from the hybrid to classic Mode II shape, a reduced stiffness 
response to loading was observed, as was expected. It was surprising, however, that while the 
transition from the straight compressive shape to the Mode 1 shape was noticeable on the load- 
displacement response, the transition from the Mode I to the hybrid Mode H shape was not, 
hence indicating how the latter progresses gradually and evolves from the former. 
5.7.2 Further examination of the control panels' deformation process 
In this section how the deformation process relates to non-nal, mean and bending strain data at 
locations A, B, C and E will be determined, as this information is required in the examination of 
both the impacted and artificially delaminated panel specimens. Therefore, to accomplish this, 
the following steps will be taken: 
" Identify how the deformation process relates to normal, mean and bending strain data at 
locations B and C, for control panel CC. 
" Compare the above data, to that generated at locations B and C by control panels CA and 
CB, then discuss identified anomalies if any. 
" Using the above information, identify how the deformation process relates to strain data at 
locations A and E, for control panels CA and CB. 
Strain gauge location C 
Fig. 5.14a-b respectively plot load against normal strain, and load against mean and bending 
strain at location C, for control panel CC. Although Fig. 5.14a primarily serves to show how the 
normal strain relates to the calculated mean and bending strain data, it also illustrates the effect 
of localised failure on the strain responses. Localised failure before catastrophic failure was 
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characterised as a sudden jump on both strain responses at a load of 48.7kN, and was detected 
by all the strain gauge locations used on the panel. Video playback of this test identified failure 
as a sing e fibre fracture. 
Due to the divergent and convergent symmetric nature of front and rear non-nal strain responses 
at location C, Fig. 5.14a, a bilinear mean strain response was observed, Fig. 5.14b. The 
intersection point of which corresponds to the classic Mode 11 critical buckling load of 32.8kN. 
As a result, mean strain at this location can only be used to identify the load at which the 
aforementioned mentioned buckling occurs. Bending strain on the other hand, as discussed 
earlier, gives insight into the localised deformation process at location C over the entire loading 
spectrum, and the point of maximum bending strain corresponds to the classic Mode 11 critical 
buckling load. Before this, the transition from the straight compressive panel shape to the Mode 
I then hybrid Mode 11 sinusoidal shape, can be seen as a gradual increase in the magnitude of 
bending strain at this location. Unfortunately, this gradual increase also made it difficult to 
determine when each of the above deformation shapes occurTed, hence examination of other 
strain data was required. Another feature of interest on this curve, is the effect that the localised 
fibre fracture had on the bending strain before catastrophic failure. As explained earlier for an 
ideal Mode 11 sinusoidal panel shape, location C should be at a point of contra-flexure and 
exhibit zero bending strain, and although this was only partially true before fibre fracture it was 
clearly the case after it. 
Strain gauge location B 
Fig. 5.15a plots load against normal strain at location B, for control panel CC. Initially, both 
front and rear strain gauges exhibited the same linear response to loading. This however ended 
at about 29kN where the two responses diverged non-linearly away from one another. The 
divergence of the two curves was so extensive that at 40.2kN the rear gauge became tensile in 
nature. 
Fig. 5.15b plots load against mean and bending strain at location B, for control panel CC. The 
mean strain response at location B was similar to the bilinear one exhibited at location C, and as 
with the earlier response the intersection point on the curve corresponded to the classic Mode 11 
critical buckling load. In this case, however, the bending strain at location B was very different 
to that exhibited at location C, and the curve is characterised by an initial vertical linearity 
followed by a non-linear one that shows increased bending to progressive loading. As the non- 
linear feature was clearly the result of the panel buckling into the classic Mode 11 shape, only 
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the initial vertical linearity will be discussed. Up to 24.5kN the panel exhibited practically no 
bending at this location and not until 30.3kN was appreciable bending released. Given the 
preceding discussion of bending strain at location C, it appears that the hybrid Mode 11 
sinusoidal shape occurred over a loading range of 26.2-32.8kN. The Mode I and straight 
compressive deformation shapes are unfortunately masked to one another, as both exhibited 
zero bending strain at this location. 
Comparison to other control panels 
Fig. 5.16a-b and Fig. 5.17a-b respectively re-plot normal, mean and bending strain at locations 
C and B, for control panel CC, and add to each figure data from control panel CB, hence a 
direct comparison between the two panels can be made. On comparing the figures it can be seen 
that the general trend and shape of the two data sets compares well and the mean strain response 
at both respective locations was identical. However, at the transitional phase between the hybrid 
Mode 11 sinusoidal shape and the classic Mode 11 shape, the responses were noticeably different, 
and control panel CB's data at both locations was markedly more pronounced. Although 
bending strain at location C for control panel CB was merely an exaggeration of CC's response, 
the same can not be said for the bending strain at location B which suggests that the shape of 
control panel CB was different to that exhibited by CC. Strangely enough, this may in fact be 
the case, as it has to be remembered that the hybrid Mode 11 shape forms from the Mode I 
shape, and there is no reason why its formation could not have occurred in the bottom half of 
the panel rather than in the top half. For control panels CA and CB a bottom half dominant 
hybrid Mode II shape was formed, whereas a top half dominant one was formed for control 
panel CC. This not only explains the difference between the two panels, but also the similarities 
discussed earlier, as all three panels experienced the same underlying deformation process. 
Strain gauge location E 
The preceding discussion has so far primarily focused on bending along the panel's length, in 
this subsection bending across the panel's width will be considered. Fig. 5.18 plots load against 
mean and bending strain at locations C-E, for control panel CB. Interestingly, bending strain at 
location E was nearly identical to that at location C, indicating that at the panel's central location 
a spherical synclastic surface was formed. Hence, across the width of the panel a half wave 
bending shape was apparent. Examination of bending strain on control Panel CA also confirmed 
this. 
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Strain gauge location A 
Fig. 5.19 plots load against mean and bending strain at location B and A, for control panel CB. 
On comparing bending strain at these two locations it can be seen that although the bending 
strain at location A followed the same general trend described by location B, the magnitude of 
bending strain at location A was less than that exhibited at location B over the entire loading 
spectrum. This was a result of the fact that at this horizontal plane a greater amount of bending 
occurred along the panel's centreline than at its edges. 
The mean strain responses at locations B and A were however markedly different, and although 
both are bilinear in nature, the point of bilinear intersection was very different. As described 
earlier, at location B the point of intersection on the mean strain response corresponded to the 
classic Mode 11 critical buckling load of 32.8kN (CB), whereas an intersection point of lOkN 
was determined from the mean strain response at location A. The latter however, corresponded 
to the transition load from the straight compressive shape to the Mode I half wave shape, 
identified earlier on the load-displacement plot for this panel, Fig. 5.13a-b. Given this, it is odd 
that while one strain gauge location detected one panel deformation transition the other did not, 
and visa versa. Therefore, it is believed that both of these supposedly bilinear responses were in 
fact tri-linear in nature, and the observed bilinear response was an unfortunate consequence of 
their respective locations. The only evidence to support this hypothesis is the fact that for the 
straight compressive loading region, O-lOkN, both mean strain responses had the same load- 
strain gradient. 
5.7.3. Summary of control panels'deformation process 
Fig. 5.12 draws the perceived deformation process of control panel CC, however it must be 
noted that this figure is exaggerated for illustrative purposes and a certain degree of "artistic 
license" must be allowed for. Throughout the preceding discussion great care has been taken not 
to describe transition from the straight compressive panel shape to the Mode I half wave shape 
as a critical buckling phenomena. Although its distinctive occurrence on both the load- 
displacement and load-strain plots suggests otherwise, this transition is primarily the result of 
the test configuration itself and perhaps a certain degree of imperfect panel flatness/lay-up. 
Furthermore to support this, the effect of this transition was not detrimental to the panel's 
stiffness response. On the contrary, when the panel experienced both the Mode I and hybrid 
Mode 11 deformation shapes the greatest stifffiess response to loading was observed, which 
would not be the case for a buckling phenomena. Similarly, the transition from the Mode I to 
the hybrid Mode 11 deformation shape can not be deemed to be a critical buckling phenomena. 
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As discussed earlier during the examination of both the load-displacement and load-strain data, 
the hybrid shape gradually progressed or evolved from the Mode I shape, hence making the two 
difficult to distinguish. Therefore, in the proceeding discussion the two shapes will be discussed 
as one, and referred to here on as the hybrid Mode VII shape. 
In comparison to the analytical predicted values for the critical buckling load, Table 5.2, the 
experimental determined average of 33.5kN was considerably greater. This was somewhat 
surprising, as an over prediction would have perhaps been expected by at least one of the 
configurations considered in Section 5.5. In addition to this, the configuration that predicted the 
highest value for the critical buckling load of 28kN (Configuration B), did so for a critical Mode 
I type panel buckling shape. Clearly, some fonn of manipulation to the analytical prediction was 
necessary, however, no satisfactory manipulation was found, hence an analytical laminate based 
buckling prediction was required. As none was available, and the use of a Finite Element 
package was outside the scope of the project, an analytical prediction for the critical buckling 
load is no longer pursued. 
5.7.4. Overview of impacted panels 
Fig. 5.4a plots the CAI strength of individual tests against IKE. Other researchers [9,107-109] 
have presented similarly shaped responses to the general trend drawn in Fig. 5.4a for relatively 
brittle epoxy based systems. Similarly, for Fig. 5.4b, which plots CAI strength against impact 
induced damage area, comparable work [110- 113 ] has been found that justifies the drawn 
response. As the CAI strength of a panel is directly related to the amount and type of impact 
damage that the panel suffers, a recap of the development of damage is required. In Section 
4.6.1 it was determined that four distinct damage phases existed, a summary of these is given in 
Table 4.4 (Chapter 4), and by drawing these phases onto Fig. 5.4b it can be seen how impact 
damage related to CAI strength. For the 0.125m specimen, impact damage had no effect on the 
compressive strength of the panel. This was ftnther confirmed by the fact that the panel did not 
fail at its mid-height location and through the impact site, as seen in Fig. 5.7, hence suggesting 
that compressive failure was not impact induced. Although this specimen did however achieve a 
slightly higher compressive strength than the control panel average (5.4%), nothing can be read 
into this, as two slightly different fabrication techniques were used to make these respective 
specimens. The result of which led to a slight difference in specimen thicknesses, as seen in 
Table 5.1, and hence fibre volume fractions. 
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For the Type 2 damage phase specimens (0.25m, 0.375m and 0.5m) that experienced internal 
damage and fibre splitting on the distal side of the plate, a gradual non-linear reduction in the 
compressive strength of the respective specimens was observed. Given that this degradation was 
primarily the result of internal impact induced delamination, and no reduction in compressive 
strength was observed for the 0.125m specimen that also suffered from this damage, a critical 
delamination size or geometry existed. At the transition from the Type 2 to 3 damage phase, the 
gradual non-linear reduction in compressive strength levels off, and proceeding specimens on 
average showed a 33.2% degradation in performance. This illustrated that the localised fibre 
fracture, that both the Type 3 and 4 specimens (0.625m, 0.75m and Im) experienced, had little 
or no effect on the compressive strength of the panel. Post-test external examination at regions 
of fibre fracture (Section 5.6.2), confirmed this, as practically no growth of these damage 
regions occurred. This is not surprising, as fibre fracture was isolated near to the point of 
impact, whereas the internal damage area for these particular specimens was quite large, hence 
the effect of fibre fracture became insignificant in comparison. 
5.7.5. General mechanical behaviour of impacted panels 
In this section load-displacement, load-strain data at location B and test observations made 
during video playback of each test, Table 5.4, will be used to examine the general mechanical 
behaviour of the impacted panel specimens. 
Load-displacement curves and test observations 
Fig. 5.20 plots load-displacement data for all the impacted panel specimens, and from the figure 
it can be seen that up to first failure, all impacted panels exhibited the same general response to 
loading as that described by control panel CC, Fig. 5.13a-b. Therefore, at this stage it would be 
fair to assume that the impact specimens underwent the same general panel deformation process 
as control panel CC, illustrated in Fig. 5.12. For the 0.125m specimen, apart from a single very 
dull click heard during loading and attributed to panel global movement, no identifiable damage 
was detected before catastrophic failure. All other impact specimens experienced multiple 
matrix failure and stepwise propagation of internal delaminations before maximum load was 
achieved, with both of the above failure mechanisms varying in magnitude and duration. 
Regardless of this, with the exception of the 0.75m test, such failure had no effect on the load- 
displacement response. 
For the 0.5m, 0.625m and 0.75m specimens substantial drops in load were observed before 
catastrophic failure was achieved. However, as discussed earlier in Section 5.6.3 the damage 
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mechanisms that caused these load drops changed in subsequent tests. For the 0.75m specimen, 
the 13.9% drop in load was primarily attributed to a sudden and considerable propagation of 
internal delaminations. On further loading delamination propagation became continuous and 
repeated, and a reduced stiffness response to loading was apparent. Furthermore, the maximum 
load achieved by the specimen occurred at catastrophic failure. For the 0.5m and 0.625m 
specimens however, the load drop was more substantial, 22.6% and 23.4% respectively, and in 
both cases maximum load coincided with the load drop, not the load at catastrophic failure. 
Failure of the panel at the load drop resulted from sizeable propagation of internal delaminations 
and fracture of one of the panel's edges. The later damage mechanism explains both the 
increase in percentage load drop and why the panel could not achieve a greater load after 
failure. Also, before catastrophic failure, neither panel exhibited the delamination propagation 
so prevalent in the 0.75m specimen. As for the Im specimen, neither type of load drop was 
experienced, and maximum load was achieved at catastrophic failure, therefore the nature and 
dominance of one type of damage mechanism over another was clearly coupled and complex. 
Determination of the impacted panels' deformation process 
In the above discussion of the load-displacement plot, Fig. 5.20, it was suggested that the 
impacted panel specimens underwent the same deformation process as that described by control 
panel CC. Inspection and comparison of the strain data at location B confirmed that this 
assumption was correct, and the same general mean and bending strain responses exhibited by 
CC were identified. Fig. 5.21 plots the mean strain response at location B for all impact 
specimens, and apart from the obvious failure and residual loading capability of the 0.5m, 
0.625m and 0.75m specimens as already discussed, the responses were nearly identical. 
Unfortunately, due to the quality of the playback image, video footage could not be used to 
collaborate the above, and photographic evidence was sought. Although not described as part of 
the test procedure in Section 5.4, an attempt at taking photographic evidence was made, for this 
a Kodak digital camera (Model DC-210) was used. Inherently, the digital camera suffered the 
same problems as the video camera, and due to the time lag required to take a picture this 
method was found wanting, hence its omission from the test procedure. However, on one or two 
instances useful images were obtained, one such image is Fig. 5.22a-b, which shows a picture of 
the 0.375m specimen moments before catastrophic failure. Although very little can be 
determined from Fig. 5.22a, if the aspect ratio of the image is changed to that shown in Fig. 
5.22b, the classic Mode 11 deformation shape becomes visible. 
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Given the fact that the deformation process of the impacted panels was the same as that 
described by the control panel, the load ranges corresponding to the different panel shapes could 
be identified from each specimens' load-displacement responses. Similarly, by determining the 
intersection point on the bilinear mean strain response at location B, Fig. 5.2 1, the critical 
buckling load for each impacted panel specimen could be estimated. On comparing the results 
from both techniques and crosschecking the information with normal and bending strain data at 
location B, the deformation load ranges were obtained, Table 5.6 lists them. Fig. 5.4b plots 
these load ranges against impact induced damage area. From the figure it can be seen that 
impact damage had no effect on the transition from the straight compressive to hybrid Mode MI 
panel shape, and on average a load of 10.9kN (50.8MPa) was achieved. For this transition a 
constant load was expected, as in comparison to the ultimate load, the load level required for its 
occurrence was low. Impact damage however did effect the critical buckling load, but in 
comparison to the effect it had on ultimate load, the effect was marginal and a more linear 
degradation in performance is observed. Although a reduced buckling load was expected, one 
with such a marginal and linear response was not. Interestingly, although ultimate load 
approached the critical buckling load, all the impacted panels still buckled and failed 
catastrophically in the classic Mode 11 sinusoidal shape. Clearly, the classic Mode 11 shape 
promoted unstable delamination propagation from the impact site, while the hybrid Mode I/II 
shape did not, and only stable self-arresting delamination growth was observed for the latter, 
Table 5.4. Earlier in Chapter 1, the buckling modes of delaminated panels were discussed, 
clearly for the configuration studied here only global or mixed buckling modes apply (Fig. 1.9b- 
c). Although it is desirable to simplify the problem to the ideal case illustrated in Fig. 1.9b-c; it 
must be remembered that case was for a single embedded delamination, not for multiple 
irregular delarninations as is the case here. However, as it has been shown, the largest 
delamination of a multiple delaminated panel controls sublaminate behaviour [47,51-52], 
perhaps such an analogy is of relevance. Given the above argument it would be reasonable to 
assume that before the panel's critical buckling load sublarninate behaviour exhibited the global 
type mode, which would explain the stable stepwise delamination growth. Whereas after the 
critical buckling load, sublaminate behaviour was characterised by the mixed buckling mode, 
leading to delamination opening which of course led to rapid delamination propagation and 
hence triggered failure. Although the above is convincing, it is slightly speculative and 
examination of the strain responses will hopefully clarify this issue. 
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5.7.6. Examination of localised deformation at the impact site 
The use of strain gauges to monitor the localised state of a damage region is far from ideal, and 
many researchers [43,48,55,111] have favoured the use of the Moire ffinge measurement 
technique with associated photographic equipment. This method, however, looks like it will be 
superseded with the introduction of the Shearography technique [ 114], as no special preparation 
of the specimen is required prior to testing and the results can be fed straight into a computer. 
Unfortunately, even if such equipment had been made available to the project, due to 
insufficient access to either of the specimen's surfaces when positioned within the CAI rig, 
neither of these techniques could have been employed. Although strain gauges are an effective 
measurement tool, the fundamental problem of their placement on the panel's surface still 
remains. Position a gauge too close to the impact site and risk placing the gauge on top of a 
damaged region, which may result in the premature loss of the gauge or eccentric data, too far 
from the impact site and propagation of failure may not be detected. Furthermore, due to the 
irregular shape of internal damage, localised strain may not have typified what occurs to the 
damage region as a whole. It also has to be remembered that strain gauges are not finite and the 
gauge length needs to be accounted for in their placement. Given all these problems it was 
decided that the impact induced damage area would be considered as a circular shape and 
depending on the test type, the gauges would be positioned I mm or 2mm from its circular edge 
(Section 5.3.2). The other option would have been to use the C-scan plots generated in Chapter 
4, to position the gauges 2mm from the edge of the irregular impact damage area. In retrospect, 
for the assessment tests this latter method would perhaps have been the better choice, although it 
would have meant a lot more pre-test preparation. 
Fig. 5.23 and Fig. 5.24 plot the mean strain response at locations D/K and F/L respectively for 
all the impacted panel specimens. On comparison of individual responses at these two 
respective locations, accounting for the features identified earlier, each specimen's mean strain 
responses were nearly identical, and only significant deviation in the Im specimen's response 
was evident. For this specimen, investigation into why this was the case lead to the conclusion 
that the strain gauge pairings had been accidentally placed on top of the damage region. 
Although the above figures suggested excellent repeatability of test data, bending strain 
responses at these two locations did not, Fig. 5.25 and Fig. 5.26, and nearly every specimen's 
bending strain response appears unique. This inconsistency in the bending strain responses was 
surprising given the seemingly consistent mean strain responses, however it has to be 
remembered that the location of these gauges changes from panel to panel, so deviation in 
5-24 
results should be expected. Given the above, the following discussion will now primarily focus 
on the bending strain responses. 
Fig. 5.27 plots load against bending strain at locations D-F from the 0.125m specimen, and 
compares it to bending strain at location C from control panel CC. Video playback of the 
0.125m specimen showed that this panel performed the mirror image of the deformation 
process described by control panel CC and bending strain at location B confirmed this. Hence, 
the general trend of bending strain at location C, for control panel CC, should have been similar 
but opposite to that at location D for the 0.125m specimen, which it was. Unlike control Panel 
CC's gradual increase in bending strain at location C throughout the hybrid Mode I/H 
deformation shape, the transition from the Mode I to hybrid Mode 11 panel shape was evident on 
the 0.125m specimen's bending strain responses at 24.2kN. Furthermore, this transition was 
accompanied with a very dull global click, see Table 5.4. Similar observations were made 
during the testing of control specimen's CA and CB, but unlike the 0.125m specimen this event 
was not captured on bending strain responses. As such, separation of the sublaminate surfaces 
was believed to have occurred, which may have been accompanied by a single stepwise 
propagation of internal damage. This is supported by the fact that after 24.2kN, although 
bending strain responses at locations D-F followed one another, they were offset from one 
another. Hence the synclastic surface evident in control panel CB, Fig. 5.18, was not evident for 
the 0.125m specimen, as the sublaminate did not conform completely to the panel's global 
behaviour. No subsequent failure was audibly detected until catastrophic failure. Interestingly, 
with this in mind, there also appeared to be a difference in the nature of the bending strain offset 
between D and F to the panel's shape. During the hybrid Mode 11 shape the bending strain 
offset was relatively constant, whereas during the classic Mode 11 shape bending strain 
responses diverged from one another. This, in effect highlights the fact that classic Mode II 
shape promoted unstable delamination propagation from the impact site, while the hybrid Mode 
I/11 shape did not. Hence, sublaminate behaviour before panel buckling appeared to occur in a 
global manner, whereas after panel buckling sublaminate buckling behaviour was exhibited. 
Regardless of the above issue however, sublaminate buckling had no effect on the compressive 
strength of the specimen and was not primarily responsible for catastrophic panel failure. 
The same general pattern of bending strain responses at locations K and L was identified for the 
0.5m, 0.625m and 0.75m specimens, Fig. 5.28. Like control panel CC described above, 
throughout the hybrid Mode 1/11 defon-nation shape a gradual increase in the bending strain at 
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location K and L was observed (lOkN to 30kN). However, as the bending strain at location K 
was greater than that at L, the localised response at the edge of the damage suggested that some 
form of sublarninate separation occurred, which for the 0.625m and 0.75m specimens led to 
matrix cracking and stepwise propagation of internal delamination, see Table 5.4. Unlike all 
preceding tests, after the panel buckled into the classic Mode II shape, localised bending at K 
rapidly increased, but bending strain at location L decreased, yet again an indication of the 
unstable nature of sublaminate behaviour to a change in panel shape. Local sublaminate 
buckling led to further stepwise failure until a point was reached where unstable delarnination 
propagation occurred, resulting in a load drop. However, it must be noted that before the load 
drop, the occurrence of stepwise propagation of damage was only audibly detected, and was not 
detected on individual strain responses. 
Unfortunately for the 0.25m and 0.375m specimens little can be determined from the bending 
strain responses, as neither specimen's responses can be likened to either of the two proceeding 
cases discussed. Furthermore, in both instances bending strain data at locations D and F appears 
to be in conflict with that at location B. 
5.8. Conclusion 
Damage tolerance assessment of thin carbon/epoxy impacted panels loaded in compression was 
carried out. The mechanical behaviour of intact panels was determined, and the deformation 
process has shown to be complex. For this configuration, a critical buckling stress of 165MPa 
and an ultimate compressive strength of 257MPa were determined for intact specimens. 
Impacted panels performed the same global deformation process as the intact specimens. Panel 
compressive strength was dominated by the amount of internal damage present; below a 
damage width-to-panel width ratio, bla ratio of 0.1, impact damage had no effect on panel 
compressive strength, above a bla ratio of 0.24, a 33.2% reduction in compressive strength was 
observed. Compressive failure of an impacted panel was generally catastrophic and dominated 
by rapid propagation of internal damage across the width of the panel, which in the majority of 
cases led to fracture of both of the panel's edges. If rapid propagation of internal damage had 
not led to fracture of both of the panel's edges, then residual loading capability would have been 
exhibited. Stable propagation of internal damage propagating in a stepwise manner was also 
observed. Such failure appeared to have little to no effect on panel response unless it initiated 
unstable propagation. Although impact damage also effected the panels' critical buckling load, 
all panels failed in the classic Mode 11 sinusoidal shape exhibited by the control panels. 
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From examination of localised deformation at the periphery of internal damage, it is believed 
that damage propagation was directly linked to the nature of the sublaminates buckling 
behaviour, which in turn for this particular configuration was linked to panel global response. 
The classic Mode 11 panel shape appeared to promote unstable delamination propagation and 
hence trigger panel failure. Depending upon damage size, two different sublaminate behaviours 
were identified at catastrophic failure. As an understanding of these is limited, it is therefore 
hoped that examination of specimens with an artificially embedded delarnination, Chapter 6, 
will give more insight into their true nature; a comparison of the two different panel types is 
given in Chapter 7. 
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37. 
Alignment 
marks used in 
the positioning 
of the panel in 
the CAI rig 
Artificially embedded 
delarnination 
(Chapter 6). EH60 - 
60mrn longer axis 
horizontally aligned 
ellipse 
Mid-section 
37. ' 
100 
Anti-buckling 
support - these four 
supports II Omm 
long will stop the 
specimen from 
buckling on initial 
loading 
Quasi-isotropic 
laminate - 16 ply 
2mm thick, central 
plies orientated with 
loading direction 
Epoxy potted end - 
these machined ends 
will ensure that the 
specimen is correctly 
aligned within the 
CAI rig 
All dimensions in mm 
The above locations indicate the position of back-to-back strain gauge pairings: 
A- Vert. aligned - single element gauge (TML FLA-5-1 1) - Far-field 
B- Vert. aligned - single element gauge (TNfL FLA-5-1 1) - Far-field 
C- Vert. aligned - part of two element rosette (TML FCA-3-1 1) 
D- Vert. aligned - part of two element rosette (TML FCA-3-1 1) 
E- Horiz. aligned - part of two element rosette (TML FCA-3-1 1) 
F- Horiz. aligned - part of two element rosette (TML FCA-3-1 1) 
G- Vert. aligned - single element gauge (TML FLA-5-1 1) - Far-field 
H- Vert. aligned - single element gauge (TML FLA-5-1 1) - Far-field 
I- Vert. aligned - single element gauge (TNIIL FLA-5-1 1) - Mid-field 
J- Vert. aligned - single element gauge (TML FLA-5-1 1) - Mid-field 
Reference comer and reference side of the laminate 
Note: not all gauge locations are used in testing. To see what gauge locations are used on a 
particular test, see respective test matrix 
Figure 5.1 A schematic of a generic panel containing an artificially embedded delarnination 
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Figure 5.15a-b Control panel CC, strain location B, a) front and rear normal strain, b) mean 
and bending strain 
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Figure 5.17a-b Control specimens CC and CB, strain location B, a) front and rear normal 
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Figure 5.18 Control panel CB, mean and bending strain at locations C and E 
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Figure 5.19 Control panel CB, mean and bending strain at locations B and A 
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Figure 5.20 Load-displacement data for all impacted panel specimens 
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Figure 5.21 Mean strain response at location B for all impacted panel specimens 
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Figure 5.22a-b The 0.375m impact specimen moments before catastrophic failure, a) actual 
size, b) 1/3 aspect ratio 
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Figure 5.23 Mean strain response at location D/K for all impacted panel specimens 
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Figure 5.24 Mean strain response at location F/L for all impacted panel specimens 
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Figure 5.25 Bending strain response at location D/K for all impacted panel specimens 
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Figure 5.26 Bending strain response at location F/L for all impacted panel specimens 
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Figure 5.27 Comparison of bending strain between 0.125m and CC tests 
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I ýSpecimenl Load, kN -- Observation I-- 
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I Before maximum load was achieved the panel buckled in a very distinctive Mode 2 
cc Maximum sinusoidal shape. Final panel failure was instantaneous and catastrophic, with only 
a single fibre fracture signalling immanent failure. 
Impacted panels ------ --- ------ . ......... . 
Single very dull global click heard - quite loud, relatively long in duration and 
0.125m 24.2 appeared to come from the entire panel. This feature was also observed on control 
specimens CA and CB, therefore believed to result from panel global movement. 
Maximum As control specimen CC, but with no damage precursor. 
0 25 33.6 As 0.125m specimen. . m Maximum As control specimen CC, but with no damage precursor and less pronounced. 
40.1 Dull short cracking sounds heard - relatively low in magnitude and locallsed to a 
42.7 section of panel, therefore interpreted as matrix cracking. As the length, magnitude 
0 375 42.9 and the sound itself varied, matrix cracking and delamination propagation is . m 44.8 believed to be occurring. 
Final panel failure was catastrophic and instantaneous. Failure occurred Maximum 
immediately after preceding damage described above. 
37.4 Same damage as 0.375m specimen. 
38.5 
38.9 
Sound heard similar to that characterised by panel at catastrophic failure, but of 
39.1 reduced magnitude. Therefore a combination of fibre fracture, delamination and 
0.5m Maximum matrix cracking are believed to have occurred, however no visible damage was 
detected on the edge of the panel being filmed. 
33.9 Same damage as 0.375m specimen. 
35.4 
Catastrophic 
Although catastrophic failure was instantaneous it was notably slower and of 
failure reduced audible magnitude than preceding tests and failure at maximum load. 
Preceding matrix cracking/delamination described above initialised failure. 
26.7 Same damage as 0.375m specimen, however of reduced magnitude. 
29.3 
30.7 
35.5 
36.7 
0.625m Dull hollow prolonged sound quite loud and different to that characterised by the 
37.4 panel at catastrophic failure. No visible damage was detected on the edge of the 
Maximum panel being filmed. Therefore damage believed to predominately be delamination 
propagation from the impact site. 
Catastrophic Same as 0.5m specimen, however catastrophic failure again was notably slower 
failure and of reduced magnitude, so much so that a cascade of failure could be heard. 
27.7 Same damage as 0.375m specimen. 
33.0 
35.5 Large delan-iinating sound coinciding with large load drop heard. 
Repeated and continuous matrix cracking of various magnitudes heard. 
0-75m Continuous Delarnination clearly propagating through specimen, reminiscent of Mode I 
fracture toughness test (Chapter 2). 
Final panel failure catastrophic and instantaneous, as with 0.375m specimen, more 
Maximum audible than 0.5m and 0.625m specimens. Preceding delamination propagation 
initiated failure. 
29.4 Same damage as 0.375m specimen. 
Im -34.6_ 
-id n Maximum As 0.375m specimen. 
Notes: 
Load value listed was calculated from the recorded voltage observed on playback of test. 
Catastrophic failure - characterised by a significant instantaneous load drop (>90%). 
Maximum load achieved during the test, this does not always comcide with catastrophic failure. 
Table 5.4 Observations made on video playback of the tests 5-50 
Normal strain Mean strain: Bending strain: Resulting 
A+B A-B deformation 
2 
-1000-1000 -1000-1000 =0 -1000 1000 = -1000 2 
-1000-500 - 1000 - -500 = -500 -1000 -500 = -750 2 
-500 1000 -500 - -1000 = 500 -500 - 1000 = -750 
-1000 +1000 -1000+1000 =0 - 
1000 - 1000 -2000 
2 
+1000 - 1000 
1000-1000 
=0 
1000 -- 1000 2000 
0 1000 
0-1000 
- -500 
0-- 1000 = 1000 
2 
Table 5.5 Possible defort-nation scenarios of mean and bending strain 
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Chapter 6 
6. In-plane compression testing of artificially delaminated panels 
To assess the effects of various delamination parameters, damage tolerance assessment of 
artificially delaminated panels is performed in the same manner as that described in Chapter 5. 
This parametric study will examine a single artificial delarnination of various size, shape and 
orientation, embedded at the centre of a compressively loaded panel. Before this work is 
undertaken however, verification work is required to assess the quality of an artificially created 
delamination. 
6.1. Artificial embedded delamination verification 
To manufacture an artificial delamination within a laminate, researchers have used a variety of 
embedding materials and techniques [40-59,115]. The most common embedding material used 
is Teflon film, ranging between 0.025mm to 0.1mm in thickness. The desired delamination 
shape is made from a section of film, which is then placed within the laminate at the desired ply 
depth during the fabrication process, as either a single [47-49,53,55-57,59] or double layer 
[40,46,50-52]. Other researchers have experimented with aluminium, gold and copper foils 
coated with various release agents [43 -45,115 ], as well as release agents on their own [ 115 ], and 
other plastics in the form of films or tapes [41,43-45,54,58,115]. With regard to manufacturing 
technique, to create an artificial delamination Tratt [46] sandwiched 120-glass fabric between 
two layers of Teflon film, resulting in an appreciably thick delamination (0.4mm). Laman [47] 
stitched through the laminate with a needle and thread to ensure the position of the delamination 
was maintained during the curing cycle. Clarke [115] compared different embedding materials 
and techniques, and concluded that a single layer of Teflon film with no special preparation was 
by far the best method for achieving an artificial delamination. After laminate manufacture, 
some researchers have attempted to make the artificial delamination more realistic by drilling 
ventilation holes into the sublaminate [44,53-54,58], or by opening the delamination up by hand 
[43]. Cairns [48-49] even went as far as to cycle manufactured panels in compression- 
compression fatigue (at 20OOpF. ) before testing to create a crack front, a method which is 
somewhat questionable. Therefore, before testing, the embedding material employed and the 
technique by which an artificial delamination is to be made require validating. 
1.1. Delamination material 
A single layer of Fluorinated Ethylene Propylene (FEP) film, 0.05 1 mm thick and transparent in 
appearance, is used to create an artificial delamination within a laminate. FEP belongs to the 
Teflon family and is one of the three noble plastics, PFA and PTFE being the other two. The 
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noble plastics are some of the most inert materials known to man. They are unaffected by 
virtually all chemicals and certainly most chemicals in industrial use. They have no known 
solvents and the few chemicals that are known to have an effect are: 
" Sodium metal, potassium metal in liquid form, or as reactive complexes which are in effect 
liquid solutions of these metals. 
" Fluorine and related oxidising compounds such as chlorine trifluoride at elevated 
temperatures. 
Technical data on FEP can be seen in Table 6.1, this information was obtained from the 
suppliers [116]. To verify that an artificial delamination can be created within a laminate, three 
validation tests were performed. 
6.1. Z Glasslepoxy L TM 26 trial 
The aim of the glass/epoxy trial was to see that an embedded delamination would maintain its 
shape, position and orientation within a laminate during fabrication, in particular after the curing 
cycle. By making the panel out of such a system, the artificial delarnination although 
transparent, should be visible within the semi-transparent laminate. 
Specimen manufacture 
Using ACG's UD LTM 26 glass/epoxy composite system [65], a balanced cross-ply 
150xlOOmm laminate panel was fabricated using the methods described in Section 2.2. This 
16ply laminate had two artificially delaminations embedded on its centreline; the method by 
which these were made and located is described later in Section 6.3. The LTM 26 composite 
system has a similar cure cycle to the LTM 45-EL's. 
Results and discussion 
Fig. 6.1 shows a picture of the resulting laminate panel, the two artificial delaminations 
embedded within the laminate are very noticeable and are white in appearance, however this 
was not always the case. On first examination of the laminate once it had been removed from 
the autoclave, some areas of the artificial delamination were white and others were transparent. 
On applying a very small amount of load to the panel in bending, the white regions progressed 
into the transparent regions, turning the entire delaminated region white. Clearly, the stress 
mismatch separated the artificial delarnination from the laminate and a "measurable" gap 
between the two was created. The white appearance was a result of the reflection and refraction 
of light as it passed through the laminate and gap, whereas the transparent appearance indicated 
that the laminate and artificial delarnination, although separate, were of "perfect" fit. It must be 
noted that only a very small amount of load was required to separate the surfaces and once 
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separated the gap was maintained. In retrospect an initial "perfect" fit should have been 
expected, as the artificial delarnination is simply a mould and the epoxy matrix has formed to its 
shape, hence "perfect" fit. 
Although at first glance the shape of the delaminated region appears to be maintained, on closer 
examination of Fig. 6.1 a slight warping of the film within the laminate is observed. This 
warping occurred perpendicular to fibre direction and was a result of fibre orientation. However, 
as the diameter of a carbon fibre is much less than that of the glass fibre, and a quasi-isotropic 
lay-up was used instead of the cross-ply, the warp created within the carbon/epoxy system 
should be negligible by comparison. Regardless of the above issue, the position and orientation 
of each delamination within the laminate was maintained. A glass composite trial using a single 
layer of PTFE film (0.0 1 mm) was also performed by Clarke [115], he concluded that the shape 
and position of the delamination within the laminate was maintained through the curing cycle. 
6.1.3. Carbonlepoxy L TM 45-EL trial 
The aim of the carbon/epoxy trial was to see that the FEP would not react or melt when used in 
the LTD T700ALTM 45-EL carbon/epoxy composite system. 
Specimen manufacture 
Using the UD T7004LTM 45-EL carbon/epoxy composite system, a balanced cross-ply 
150xlOOmm laminate panel with two embedded delaminations was fabricated in a similar 
manner as that described in Section 6.1.2. Unlike the glass/epoxy trial however, the 
carbon/epoxy laminate also received a postcure, hence testing to see that the FEP could 
withstand a maximum temperature of 180'C. Once fabricated, the panel was then sectioned in 
two along the centreline of both delaminations. 
Results and discussion 
From the two cross sections produced, it was seen that the artificial delamination did not melt or 
react with the laminate and a clear gap between the top and the bottom halves of the laminate 
was present. Also, unlike the glass/epoxy trial, no warping of the delarnination within laminate 
occurred. So good was the delamination created that tweezers could be used to remove the 
artificial delamination from the laminate. On examining the artificial delamination, the shape 
and size of the delamination had not been altered and there was no damage to the film. It must 
also be pointed out that no bulging effects of the laminate were observed at either delamination 
location. 
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In Section 2.4, Mode I and 11 fracture toughness tests were performed. Excess delarninated 
material cut from the master panel exhibited the same features as those described above. Fig. 
6.2 shows a picture of two halves of a delarninated region and the artificial delamination used to 
create them. The delaminated surface of both halves was very smooth and glassy in appearance. 
It must be noted that no force was required to separate the two sections shown. 
6.1.4. C-scanner verification 
The aim of the C-scanner trial was to further verify that an embedded delarnination would 
maintain its shape and position within a laminate during fabrication, and secondly, to validate 
the use of the C-scanner to detect artificial delaminations. 
Using the recommended set-up described in the manufacture's manual [90-91], the C-scanner 
was used to scan both the glass/epoxy trial specimen described in Section 6.1.2 and some of the 
actual panel specimens before they were tested in compression. Using a 10 MHz transducer, 
through-transmission scans of the specimens were performed at a resolution of 0.5mm. Fig. 
6.3a-b shows the resulting C-scan plots generated, from both of these figures it can be seen that 
the artificial delamination is clearly defined and correctly located within each laminate. 
However there appears to be a difference between the two plots with regard to the enclosed area 
of the delamination. For the glass/epoxy trial, poor attenuation of the ultrasound occurred over 
the entire surface of the delamination, however for the carbon/epoxy specimen good attenuation 
occurred at the centre of the delarninated area. This is a result of the fact that a "measurable" gap 
was formed within the glass/epoxy trial specimen when it was bent, as described earlier in 
Section 6.1.2. Whereas the delaminated region in the carbon/epoxy specimen was of "perfect" 
fit. If the carbon/epoxy specimen had been flexed, hence creating a "measurable" gap between 
the laminate and the film, another C-scan of the specimen would show poor attenuation of the 
ultrasound over the entire delaminated surface. This phenomenon was also observed by Clarke 
[115]. 
6.1.5. Conclusion 
The following conclusions have been drawn from the three trials: 
9A single lay of FEP film could be used to produce an artificial delarnination within the UD 
T700/LTM 45-EL carbon/epoxy composite system. 
* The shape, position and orientation of an artificial delamination was maintained during the 
laminate fabrication process. 
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* Due to the size and lay-up of carbon fibres no warping of the delarninated region occurs, 
and a smooth glassy delaminated surface was produced. 
* No bulging of the delaminated region was observed. 
9 Initially, the contact surfaces between the artificial delamination and the laminate, were a 
"perfect" fit to one another. However, on applying a very small amount of load to the 
laminate, a "measurable" gap between the surfaces was produced. Once produced the gap 
was maintained. 
6.2. Specimen geometry 
The same panel geometry and quasi-isotropic lay-up, (45'/90'/-450/00)2sg was used here as that 
tested in Chapter 5, when the impacted panel specimens were examined. A schematic of a 
generic panel specimen can be seen in Fig. 5.1. In this chapter the effect of embedding a single 
artificial delamination of various size, shape and orientation at the centre of a compressively 
loaded panel was examined. Circular and elliptical delamination shapes were considered. 
Elliptical delaminations had a long-to-short axis ratio of 3 and were orientated vertically with or 
perpendicular to loading direction, as illustrated in Fig. 5.1. Four delamination sizes, 10,20,40 
and 60mm longer axis length, were studied. 
6.3. Specimen manufacture 
Unlike the impacted panel specimens originally fabricated in Chapter 4 and then manufactured 
in Chapter 5, here two different laminate sizes were made for testing purposes. Initially it was 
thought that specimens were best made in batches of two, and 200x 150mm laminates were 
made, then cut to the desired 150xlOOmm panel size. However this was later changed, and 
specimens were fabricated individually as 150xlOOmm laminates. Table 6.2 lists how each 
specimen was fabricated; it must be noted that for the specimens made in batches of two, a 
control specimen was made with a horizontally aligned ellipse specimen. Regardless of the 
above issues, the same laminate fabrication techniques were used here as those described in 
Chapter 4 and all panels were made from the same LTD T700ALTM 45-EL prepreg batch 
material. A total of twelve preconditioned and three control panels were manufactured. The 
remainder of this section describes how a preconditioned specimen is made. 
After the required amount of prepreg material to make one panel was cut from the prepreg roll, 
Section 2.2.2, the first eight plies were laid-up in the same manner as that described in Section 
2.2.4. Once the central ply had been reached, a single artificial delarnination was then added to 
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the laminate, Sections 4.4.1 and 4.4.2 explain how the delamination was made and positioned 
onto the laminate respectively. The remaining eight plies were then added to the laminate. In 
order to keep track of the precise location of the embedded delamination, a reference side and 
comer on the laminate were designated (Appendix 1.2). These reference points are maintained 
and tracked throughout the entire fabrication procedure; Appendix 1.3 explains how they were 
maintained during the cooking procedure. Once cured, the cutting technique described in 
Appendix 1.4 was used to trim the laminate to the 150x I 00mm size used by the CAI rig. The 
laminate was trimmed in a way as to centralise the artificial delamination to the width of the 
panel, and the central plies to the loading direction. The width and thickness of the panel was 
then measured and recorded at 25mm intervals around the panel's periphery with the use of a 
Vernier caliper. Appendix 111.1 explains how the epoxy potted ends were added to a specimen 
and machined flat to ensure square alignment in the CAI rig. After machining, a Vernier caliper 
was used to measure the panel's height at 25mm intervals. 
6.3.1. Atfificial delamination manufacture 
Depending upon the shape of the delamination to be made, either elliptical or circular, two 
different techniques were used in their manufacture. 
Circular artificial delamination manufacture 
To make the circular artificial delaminations, appropriately sized circular steel punches were 
made. Unfortunately, as these punches were not case hardened, the thin, but very sharp cutting 
edge was susceptible to damage, and great care had to be taken in their use and storage. A clean, 
undamaged section of FEP film was first cut off a roll of the film with scissors. The section was 
then laid flat on a clean wad of paper (about 20 sheets) supported by a flat firm surface. The 
desired punch size was then carefully placed onto the film and by applying a slow rotation 
pressure to the back of the punch, the shape was cut. Once the punch had cut through the film 
the cutting of paper fibres could be heard, hence signalling that the process had to be stopped. 
The quality of the resulting circular delamination was then checked and if necessary the process 
was repeated. Usually, the resulting delamination was exceptable and no burrs around the edge 
of delamination were apparent. However in some instances when the punch was small, if the 
pressure applied to the back of the punch was not square to the film, a slightly elliptical circle 
could be cut. 
Elliptical artificial delamination manufacture 
To make the elliptical artificial delarninations, appropriately sized solid steel templates were 
made. A clean undamaged section of FEP film was first cut off a roll of the film with scissors. 
6-6 
The section of film was then laid flat on a smooth metal surface. The desired template size was 
then placed on top of the film and held in place with the G-clamp assembly illustrated in Fig. 
6.4. Great care had to be taken to align the clamping assembly squarely, as misalignment would 
cause the film to become stretched at one edge of the template, however, such damage was 
easily identifiable. To cut the elliptical shape a scalpel was used, Fig. 6.5 shows the cut 
sequence found to be the most successful at accomplishing this task. It was found that a multiple 
of low pressure cuts, rather than a single cut through the material produced a fine quality of cut. 
Also, as FEP is a relatively tough material, if the scalpel blade was angled incorrectly to the 
material, the film would be stretched by the scalpel blade, rather than cut by it. Once the cut was 
complete the quality of the resulting ellipse was checked and if necessary the process was 
repeated. Usually, burrs occurred at cut locations I and 2 (Fig. 6.5). The issue of burrs is an 
important one, as they inevitably act as stress raises in the adjacent matrix material next to the 
embedded delamination. Therefore, it was desirable, but practically impossible, to eliminate all 
the burrs from the ends of the ellipses. Only by making several ellipses can the relative quality 
of an individual ellipse be determined. The quality of course will change with the size of the 
template being used. 
6.3. Z Artificial delamination placement 
The positioning and orientation of the artificial delarnination within a laminate was crucial. To 
accomplish this task female templates of each artificial delamination were made. Templates 
were made from the discarded sections of the prepreg's white protective layer generated during 
the lay-up procedure, Fig. 2.2 (Chapter 2). Using a designated reference comer, the position and 
alignment of the delamination was marked out onto the rough paper side of the sheet. The 
required delamination was then cut out from the sheet using the same techniques used to make 
the artificial delaminations, described above. On aligning the templates reference comer to that 
of the laminates (Appendix 1.2), the template was laid paper side up onto the laminates central 
ply surface; great care was taken not to contaminate the laminate with paper fibres. The artificial 
delamination was then placed through the template's hole onto the laminate's surface. If the 
placement was satisfactory, a thumb was placed onto the delamination, the heat adhered it to the 
laminate. However if it was not satisfactory, the delamination could be easily removed by 
placing the laminate back in the ftidge. Once finished, the template was removed and the next 
ply was added to the laminate. 
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6.4. Experimental set-up and test procedure 
The same experimental set-up and test procedure was used here as that described in the testing 
of the control and impacted panel specimens, Chapter 5. To keep track of all the tests to be 
performed a four-letter coding sequence was adopted; Fig. 6.6 illustrates this coding sequence. 
Table 6.2 shows the test matrix, a total of twelve tests were performed, four panels for each of 
the three different types of artificial delaminated panel studied. From the table and the 
schematic of a generic panel specimen, Fig. 5.1 (Chapter 5), it can be seen that back-to-back 
single-element TML FLA-5-11 strain gauge pairings and two-element TML FCA-3-11 90' 
rosette pairings (Appendix 11.4) were bonded at various locations on the panel's surface. 
Depending upon the specimen to be tested however, a load range setting of either 50kN or 
I OOkN was used, see Table 6.2. 
6.5. Results 
Due to the sheer amount of data collected, this section will firstly present an overview of the 
results with regard to damage tolerance then a description of the specimen failure characteristics 
and test observations will be made. Example load-displacement and load-strain plots will only 
be presented in the discussion, as and when required. 
6.5.1. Compressive strength 
Table 6.3 lists the maximum load achieved during testing; by using Eq. (2.4-4) (Chapter 2) and 
the average width and thickness of each panel, the compressive strength was calculated. The 
results from the control panels tested in Chapter 5 are also listed in Table 6.3. The compressive 
strength of each type of artificial delaminated panel studied against delamination width-to-panel 
width ratio, bla, is plotted in Fig. 6.7. From this figure it can be seen that an artificially 
embedded delamination does effect the compressive strength of a preconditioned panel; 
ftuthen-nore, the larger the delamination, the greater the effect. 
6.5. Z Description of failure characteristics 
The same general failure characteristics as those identified earlier in Section 5.6.2, -when the 
control and impacted panels specimens were examined, were exhibited here by the delaminated 
panel specimens. Table 6.3 lists the type, location and length of damage found on each 
specimen's edges. Only one of the specimens, EHIO, experienced fracture to one of its epoxy 
potted ends and this is known to have occurred at catastrophic failure. 
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For the panels with small elliptical delaminations, 10mm and 20MM longer axis length, failure 
predominately occurred in the upper half of the panel and was similar to that exhibited by 
control panel CB (Fig. 5.6, Chapter 5). Fig. 6.8 shows pictures of failed specimen EV 10, for this 
specimen it can clearly be seen that the location of failure is notably higher than panel mid- 
height (103.3mm), hence compressive failure was not induced by the artificial delamination. 
However, internal damage created as a result of compressive failure did link to the artificially 
delaminated region. An interesting feature characterised clearly by this specimen is the nature of 
damage that occurred to the front surface of the specimen in comparison to the rear surface. 
Failure of the rear surface was characterised by a bulging of the laminate, and where the bulging 
became significant external fibre splitting occurred. For the front surface however, a very sharp 
fracture line made up of fibre fracture and splitting could be seen. Furthermore, on viewing the 
panel on its left-hand or right-hand edges, a noticeable kink in panel shape was observed, with 
the kink bending to the front surface. It therefore appears that panel failure resulted from 
compressive failure of the front surface, and hence failure was attributed to panel global 
behaviour. Similar failure patterns with accompanied kinks in panel shape were found on the 
other elliptical panel specimens in question. 
For all the other delaminated panel specimens such a change in the dominance of failure 
mechanisms between surfaces was not exhibited, and the location of failure occurring roughly 
at the panel's mid-height. Fig. 6.9 shows pictures of failed specimen EH60, the failure 
characteristics of this specimen were notably different to those illustrated in Fig. 6.8, and were 
typical for the majority of the delaminated panel specimens tested. 
6.5.3. Test observations 
Unlike the impacted panels tested in Chapter 5, no video footage of the delaminated panels was 
taken during testing. In retrospect, such infort-nation could have been helpful, and its omission 
was primarily the result of the fact that the work presented in this chapter was performed 
chronologically earlier than that presented in Chapter 5. However, regardless of this, it has to be 
said that very little was heard during testing, and it was only the testing of the largest 
delaminations and the desire to understand the panel's deformation process that prompted the 
later use of a video camera. Generally speaking, that which was heard during testing and its 
effect on panel response was identical to that observed by the impacted panel tests described 
earlier in Section 5.6.3. The only notable difference between the two panel types was the fact 
that very little was heard before a distinctive load drop. Matrix cracking, and hence stepwise 
propagation of delamination appeared to be less prevalent in the delaminated panels than it did 
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for the impacted panels; which should perhaps be expected given the nature of impact induced 
damage. One final point to note, is that for some of the specimens tested a very distinctive 
classic Mode 11 sinusoidal shape was observed before catastrophic failure. 
6.6. Discussion 
Understanding of the control panel's general mechanical behaviour and how that behaviour 
relates to individual strain responses on a panel's surface was achieved in Chapter 5. Therefore, 
the following discussion will concentrate solely on the delaminated panel specimens. Through 
the comparison of load-displacement and load-strain responses to the control panel template, the 
general mechanical behaviour of the delaminated panels was first deten-nined. An overview 
examining the effect of delarnination size, shape and orientation on the compressive strength of 
a panel was then considered. Localised sublaminate behaviour with regard to the above 
delarnination parameters was then analysed to ftirther overall understanding. 
6.6.1. General mechanical behaviour of delaminated panels 
In this section load-displacement and load-strain data at locations A and B (specimen 
dependent, see Table 6.2), will be used to examine the general mechanical behaviour of the 
delaminated panel specimens. 
Load-displacement curves 
Fig. 6.10a-c show load-displacement responses for each of the artificially delaminated panels 
studied. The response of control panel CC's is also plotted on each figure. On comparing the 
data within each figure, it can be seen that up to first failure all delaminated panels exhibited the 
same general response to loading as that described by the control panel CC. As a classic Mode 
11 sinusoidal shape was observed before catastrophic failure for some of the specimens tested, it 
would be fair to assume at this stage that the delaminated panels underwent the same general 
panel deformation process as control panel CC, described earlier in Section 5.7.3. For all 
specimens, final panel failure was instantaneous and catastrophic, with all load carrying 
capability being lost. 
For the specimens embedded with the largest elliptical delamination, EV60 and EH60, a 
substantial drop in load, 12.2% and 12.3% respectively, was observed before catastrophic 
failure was reached. For these specimens, maximum load coincided with the load drop, not the 
load at catastrophic failure as it did for all the other delaminated panel specimens. Failure of the 
panel at the load drop resulted from a sudden and sizeable propagation of the embedded 
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delamination. However, it is unclear whether or not this propagation of damage reached either 
of the panel's edges. As the load drop was relatively small and the panel had significant residual 
loading capability, no fracture to either of the specimen's edges is believed to have occurred 
before catastrophic failure. However, matrix failure and stepwise propagation of the embedded 
delamination was heard after each load drop. 
Very small load drops, 1.5% and 0.8%, were observed in the response of the two largest circular 
delamination specimens, CR40 and CR60, respectively. In this case however, repeated stepwise 
propagation of the embedded delamination varying in magnitude and duration was heard for the 
majority of the loading period, and it was this type of failure that caused the respective load 
drops. This change in the effect and nature of what was essentially the same failure mechanism 
from one specimen to another was very confusing, and it is hoped that examination of localised 
strain to a change in the delamination parameter will clarify this issue. 
Determination of the delaminated panels deformation process 
In the above discussion of the load-displacement data, it was suggested that the delaniinated 
panel specimens underwent the same deformation process as that described by control panel 
CC. Inspection and comparison of the strain data at locations A and B confirms that this 
assumption was correct, and the same general mean and bending strain responses exhibited by 
CC were identified. As the deformation process of the delaminated panels was the same as that 
described by the control panels, the load ranges corresponding to the different panel shapes 
could be identified from each specimens' load-displacement and load-strain responses in a 
similar manner as that described in Section 5.7. Table 6.4 lists the deformation load ranges. 
6.6.2 Overview of delaminated panels 
Fig. 6.11 a-c plot the compressive strength and defon-nation loading ranges of each type of 
artificial delarninated panel studied against delarnination area. It has to be noted that Fig. 6.11 c 
uses a different scale to that used by the other two figures. Within individual figures, the 
generally perceived trends are drawn onto each curve as a bold line. All three figures share the 
same inherent trends as those identified earlier during the examination of the impacted panel 
specimens, Fig. 5.4b (Chapter 5). From all figures it can be seen that an increase in delarnination 
size had no effect on the transition from the straight compressive to hybrid Mode MI panel 
shape. However, for the buckling stress and compressive strength curves, a gradual non-linear 
degradation in perfon-nance was observed once a critical delarnination size had been surpassed. 
Unfortunately for the vertical ellipse specimens, Fig. 6.1 lb, due to the number of data points 
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plotted, no insight into the true nature of this non-linear degradation could be justified, hence a 
linear response was drawn. As with the impacted specimens, an increase in damage size had a 
greater effect on the compressive strength than it did on the buckling load; with the effect on 
buckling load being more marginal and linear in response. Furthermore, on subsequent 
increases in damage size, a point was reached where the increase did not lead to a further 
reduction in compressive strength and the curves levelled off to a constant value; this is 
particularly evident in Fig. 6.11 c. 
As mentioned above, the effect of an embedded delamination only became apparent once a 
critical delamination size had been surpassed. For both the horizontal ellipse and circular 
delaminated panels, this appeared to be at a delamination width-to-panel width ratio, bla ratio of 
0.2 (20mm longer axis). Where as a bla ratio of 0.13 (40mm longer axis) was observed for the 
vertical ellipse specimens. However, the compressive strength of specimens below their 
respective critical delamination sizes varies between panel types, when it should have remained 
relatively constant; and the compressive strength of the vertical ellipse and circular delaminated 
panels was lower than that of the control and horizontal ellipse specimens. This unfortunately 
was a consequence of the change in fabrication technique between panel types, as described 
earlier in Section 6.3. By changing the laminate size during manufacture, two slightly different 
specimen thicknesses, Table 6.2, and hence fibre volume fractions were produced. This 
explanation is further verified by the fact that both the transition stress from the straight 
compressive to hybrid Mode VII panel shape and the buckling stress of specimens below their 
respective critical delamination sizes, were also affected. The above issue will therefore be 
accounted for in the preceding discussion, and percentage reductions in performance will be 
calculated from average values of stress obtained from the specimens below the critical 
delamination size, for a particular panel type; the results are listed in Table 6.5. 
Although Table 6.5 will primarily be used in the examination of the effect of delarnination 
orientation and shape, it is informative at this stage to compare the percentage reductions in 
compressive strength of the largest delamination size tested i. e. 60mm longer axis length. 
Reductions of 27.7%, 24% and 27.4% were observed for the EH60, EV60 and CR60 panels, 
respectively. Therefore, for the largest delamination tested, delarnination shape and orientation 
appeared to have no effect on the compressive strength of a panel. Although slightly surprising, 
this was not unexpected, as an increase in size of a large delarnination also had no effect on 
panel compressive strength. Therefore, the compressive strength of panel with a large 
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delamination was insensitive to the delamination geometric parameters of shape, orientation and 
size. 
Delamination orientation 
As described earlier, Fig. 6.1 la and Fig. 6.1 lb shared the same underlying trends. Therefore, the 
primary effect of a change in delamination orientation was a change in the critical delamination 
size. For the horizontal ellipse panels a bla ratio of 0.2 (20mm longer axis length) was observed, 
where as a bla ratio of 0.13 (40mm longer axis length) was observed for the vertical ellipse 
panels; the latter however, has four times the area of the former. On comparing all equally sized 
ellipse specimens, only the 40mm specimens, EV40 and EH40, showed a substantial reduction 
in compressive strength, 17.1%, for a change in ellipse orientation from vertical to horizontal. 
The two smallest ellipse sizes exhibited intact panel behaviour, while the largest delamination 
size showed no sensitivity to geometric parameters, as discussed earlier. In contrast, Davidson 
[55] and Yeh [57] only showed a marginal effect and Petitniot et al [54] stated that delamination 
orientation had no effect at all. However, none of these references examined the effect of 
orientation while also examining the effect of delamination size, and on re-examination of these 
references, it appears that unfavourable delamination. sizes and aspect ratios were tested. 
From Table 6.5 it can be seen that a change in ellipse orientation had quite an interesting effect 
on panel buckling stress. On comparing the percentage reduction in buckling stress for the two 
largest ellipse sizes tested, it can be seen that orientation had a greater effect on the buckling 
stress of the horizontal ellipse specimens than it did on vertical specimens, as intuitively 
expected. Interestingly, for the largest delamination size tested, EV60 and EH60, this means that 
while panel compressive strength was insensitive to delamination geometric effects, panel 
buckling stress was not. 
Delamination shape 
To study the effect of delamination shape Petitniot et al [54] maintained a constant delarnination 
area while changing the height and width of a circular shape; furthermore, by doing this the 
effect of delarnination orientation was also examined. Although this is the most obvious 
approach and enables a direct area comparison of test results, in the present project a 
delarnination longer axis length was instead maintained. Therefore, when comparing elliptical 
and circular specimens it has to be remembered that for the same longer axis length, the 
elliptical delarnination had one-third the area of the circular one. In retrospect, it would have 
perhaps been better if both delarnination area and longer axis length were maintained over a 
range of sizes. 
6-13 
On comparing the results for the horizontal ellipse panels with the circular ones, Fig. 6.7 and 
Table 6.5, it can be seen that for the same delamination longer axis length, the horizontal ellipse 
panels showed a similar reduction in compressive strength to the circular specimens. As the 
former shape had one-third the area of the latter, it appears that delamination width (length 
perpendicular to loading direction) was a more important geometric parameter than 
delamination area. Therefore, for the same delamination area a horizontal ellipse was the worst 
case scenario, followed by a circular, then vertical ellipse shape. Although far from ideal, if the 
20mm. diameter circular specimen with an area of 314.2mmý, CR20, is compared to the 40mm 
longer axis ellipses specimens with areas of 418.9mný, EV40 and EH40, the above can be seen. 
However, like orientation, the effect of delamination shape was bounded between the critical 
delamination size and largest delamination size still to exhibit delamýination geometric 
sensitivity. Therefore, when comparing a circular delamination to an elliptical one, the effect of 
both orientation and shape was aspect ratio dependent. 
Although tempting to think that the effect of delamination shape was entirely width dependent, 
comparison of CR40 and EH40 specimens showed this not to be the case, as the former showed 
a slightly larger percentage reduction in compressive strength, 22.4%, to the latter, 17.1 %. 
Interestingly, this may result from the fact that buckling stress of the circular delamination was 
significantly reduced, 21.4%, in comparison to the ellipse specimen, 10.1 %. 
6.6.3. Examination of localised sublaminate behaviour 
In this section the two-element rosette pairings at locations D-F and C-E will be examined. As 
gauge pairings C-E were bonded across an embedded delamination, mean and bending strain 
responses at these locations were of limited use, as a number of different sublaminate buckling 
scenarios can be accounted for in their analysis. Like the impacted panels tested in Chapter 5, 
two different bending strain responses at locations D-F were generally observed between panels 
above and below the critical delarnination size. Unlike the impacted panels however, this 
difference in bending strain response was also accompanied with a notable difference in mean 
strain response. Fig. 6.12 demonstrates this by plotting the mean strain response at locations D 
and F for all the horizontal ellipse specimens. Interestingly, the difference in mean strain 
response between panels below the critical delamination size (EHIO and EH20) and those 
above it (EH40 and EH60) was only apparent once a panel had buckled into the classic Mode 11 
sinusoidal shape. With the exception of a change in the value of ultimate strength and the 
critical buckling load, mean strain responses at locations C and E were identical. Similar mean 
strain responses at the above locations were observed for the other two panel types tested. 
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Strain response of specimens below critical delamination size 
Fig. 6.13a plots load against bending strain at location D from ER20, and compares it to 
bending strain at location C from control panel CC. Hence, gauge pairings on the central plane 
of a panel bonded across an intake section of material are compared. From this figure it can be 
seen that the general trend of bending strain at location D from EH20, was similar to that 
exhibited at location C by control panel CC. Furthen-nore, bending strain responses at locations 
F, C and E from EH20, also plotted on the figure, show that before the buckling load of 32.5kN, 
a synclastic surface like the control panel's was exhibited, as identified earlier in Section 5.7.2. 
However, after EH20 had buckled into the classic Mode 11 shape, the effect of the embedded 
delamination only became evident on the bending strain responses at locations F and C. To 
examine this further, Fig. 6.13b plots load against front and rear surface normal strain at each 
location. The front and rear gauge responses at location D characterised those of control panel 
CC at location C, Fig. 5.14a (Chapter 5). However, while the response of EH20's rear surface 
strain gauge at location C conformed to its D gauge counterpart, the front gauge became notably 
less compressive. With one gauge across the delarnination conforming to the global response, 
while the other did not, separation of the two sublaminates in a mixed sublaminate buckling 
mode was envisaged, as illustrated in Fig. 6.14a. This was further confirmed by the individual 
responses at location F, which showed tensile and compressive regions at the edge of the 
delamination. 
It must be noted however that EH20 showed a very clear response, generally responses are less 
straightforward. Fig. 6.15a shows one such response, for EV20, and although the bending strain 
responses of this specimen were similar to those exhibited by EH20, there were three notable 
features. The first was the sudden jump in all bending strain responses at 45kN, which resulted 
from failure. As this failure event was not evident on the load-displacement curve, nor on the 
response of the strain gauge at location B, it was believed to result from a single quite 
significant stepwise propagation of the artificial delamination and not fibre fracture. 
Furthermore, for this specimen that failed substantially higher than panel mid-height (Section 
6.5.2) this failure did not appear to have precipitated catastrophic panel failure. Interestingly, 
such propagation of damage was more apparent on the vertically aligned gauges than it was on 
the horizontally aligned ones, when the latter were originally intended to monitor such failure. 
This was also found to be the case for the EHIO and EVIO panel specimens. The other two 
features of interest were the difference in the extent to which bending strain responses at 
locations D and F diverge from one another in comparison to EH20's response, and secondly, 
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the bending strain reversal at location D just before and at catastrophic failure. From 
examination of normal strain responses, Fig. 6.15b, both of the above features were believed to 
result from the fact that the strain gauge pairings D-F were partially placed on the artificial 
delamination. 
Very similar bending stain responses to those described above were found for EH 10, EV 10 and 
EV40 panel specimens, with only variations in the amount of global and local bending 
behaviour being evident. Sublaminate separation acting in a global manner before panel 
buckling was observed in three of the specimens tested. However, such behaviour only led to a 
very small amount of stepwise propagation of the delamination, which was mainly 
characterised by matrix cracking and was not detected by individual strain responses. 
Unfortunately, due to experimental error in the set up of strain gauges for the circular 
delaminated specimens, a certain degree of uncertainty in the CR 10 and CR20 panel specimens 
was found. However, some of the gauge locations used agreed well with the generally perceived 
response. 
Strain response of specimens above critical delarnination size 
Fig. 6.16a plots load against bending strain fi7orn EH40, and compares it to bending strain at 
location C from control panel CC. Like control panel CC, throughout the hybrid Mode IAI 
deformation shape a gradual increase in bending strain at locations D-F was observed (I OkN to 
30kN). However, at 28.7kN bending strain at location D became greater than that at F, hence 
the localised response at the edge of the delamination suggested some form of sublaminate 
buckling occurring. Interestingly, examination of the bending strain responses at locations E-F, 
across the delamination, indicate that separation of the two sublaminate surfaces occurred as 
early on as 22.5kN. After the panel buckled into the classic Mode 11 shape, 31 kN, localised 
bending at locations D-F rapidly increased and was markedly different from the control panel 
template. To ascertain the nature of sublaminate behaviour at catastrophic failure, Fig. 6.16b 
plots load against front and rear surface normal strain at each location. Unlike E1120, Fig. 6.13b, 
that showed a substantial difference in the magnitude of normal strain between front and rear 
strain gauges across the delarnination (location C) and a comparable level of strain at the edge 
of the delamination (location D), EH40 exhibited precisely the opposite. Using normal strain 
responses, an attempt to draw the sublaminate behaviour before catastrophic failure is made in 
Fig. 6.14b; some form of delamination opening sublaminate behaviour was believed to be 
occurring. Strain responses at location C were consistent with the above hypothesis, as both 
responses follow one another and become increasingly less compressive in nature after panel 
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buckling, an indication that both sublaminates were bulging from the laminates central plane. 
Furthermore, the small amount of tensile strain in the front and rear surface gauges at location E 
supported this. As no appreciable localised failure around the periphery of the delamination was 
believed to have occurred before catastrophic failure, individual responses at locations D-F 
suggested some form of local/global bending occurring, as illustrated in Fig. 6.14b. For the 
responses at location F such behaviour was plausible, however for those at location D it was 
not, simply because at failure the panel had buckling into the classic Mode 11 shape and very 
little bending strain at the centre of the panel should have been exhibited. Tberefore, while Fig. 
6.14b is consistent with the responses across the delamination, and plausible explanations of the 
responses at location F could be given, it did not appear that this figure satisfactorily appreciated 
the large value of compressive strain of the front surface gauge at location D. As such, 
interpretation of the true nature of sublaminate behaviour was somewhat wanting. 
Fig. 6.17a plots load against bending strain from CR40, and Fig. 6.17b plots load against normal 
strain at each location. On comparing these two figures with those of EH40, although CR40's 
response was markedly more pronounced and the gradual evolving responses were lost, 
fundamentally the same general trend of bending was exhibited. Unlike EH40, sublaminate 
separation and buckling was only detected at CR40's panel buckling load of 20.5kN. It 
therefore appeared that due to the size of the delamination, sublaminate buckling rapidly 
occurred at panel buckling, hence making the response less gradual and more pronounced. At 
30.4kN a notable stepwise propagation of the artificial delamination occurred, this failure event 
was detected audibly and was responsible for a very slight load drop on the load-displacement 
response (1.5%). Similar responses to EH40 and CR40 were respectively found for the EH60 
and CR60 specimens. 
Interestingly, the response of the largest vertical ellipse specimen, EV60, was very different to 
that described above, and a similar response to that of the specimens below the critical 
delarnination size was exhibited. Fig. 6.18a, plots load against bending strain, and Fig. 6.18b 
plots load against normal strain at each location for this specimen. On comparing EV60's 
bending strain response with that of EV20's, Fig. 6.15a, similar trends were observed, however 
for the EV60 specimen stepwise propagation of damage could be seen to occur at the panels 
buckling load of 24kN, not just before catastrophic failure. Examination of normal strain 
indicated that EV60 had a similar sublaminate behaviour as that illustrated in Fig. 6.14a, 
however in this instance it was the rear sublarninate that did not conforrn to the panels global 
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response. This change in sublaminate behaviour for a specimen with a delamination above the 
critical delamination size was significant, but unfortunately due to the testing strategy, it was 
unique. Although, it may appear to be an anomaly, it is more probably a reflection of a change 
in delamination orientation and given the resources, worthy of further investigation. 
6.7. Conclusion 
Damage tolerance assessment of thin carbon/epoxy artificially delaminated panels was carried 
out. The effect of embedding a single artificial delarnination of various size, shape and 
orientation at the centre of a compressively loaded panel was examined. Delaminated panels 
performed the same global deformation process as the intact specimens tested in Chapter 5. 
Furthermore, similar failure characteristics and mechanisms observed during the examination of 
the impacted panel specimens have been identified. Generally speaking, once a critical 
delarnination size was surpassed, a gradual non-linear degradation in compressive strength was 
observed until a point was reached where no ftirther degradation in performance was attained 
for an increase in delamination size. Hence, the compressive strength of a panel with too 
66small" or too "large" a delamination was insensitive to the aforementioned delarnination 
geometric parameters. On average, a 26.3% reduction in compressive strength was observed for 
a large delamination. For a delamination size between the above bounded limits, the effect of a 
change in a delamination geometric parameter was apparent and compounded by the fact that 
geometric parameters dictate the above limits. The effect of delamination size was the most 
easily observed, and was recognised as a gradual non-linear degradation in compressive 
strength. For a change in orientation, only the 40mm longer axis ellipse comparison identified 
an effect. In this case a change in orientation from vertical to horizontal, led to a change in the 
critical delarnination size and hence a significant reduction in compressive strength, 17.1 %. As 
for delamination shape, for the same delamination longer axis length the horizontal panels 
showed a similar reduction in compressive strength to the circular specimens, although the latter 
shape had three times the area of the former. Given this and the above, it appears that 
delamination width (length perpendicular to loading direction) was the dominant geometric 
parameter; hence, when comparing a circular delamination to an elliptical one of the same area, 
the effect of orientation and shape was aspect ratio dependent. 
Examination of localised. strain at the edge and across the artificial delarnination identified two 
sublaminate buckling responses. The mixed sublaminate buckling mode was exhibited by 
specimens with delaminations below the critical delamination size, however this behaviour only 
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occurred after the panel had buckled into the classic Mode 11 sinusoidal shape, and in the 
ma ority of classes did not lead to notable propagation of damage. For specimens with 
delaminations above the critical delamination size, some form of delamination opening of the 
sublaminate was generally observed, occurring just before or at panel buckling. In some 
instances such behaviour did lead to a notable propagation of damage, resulting in a substantial 
load drop followed by residual loading capability. The largest vertical ellipse specimen also 
experienced a substantial load drop followed by residual loading capability, but for a mixed 
sublaminate buckling mode. Unfortunately due to the limited testing strategy, ftuther work is 
required to fully understand how the localised response is effected by a change in a 
delamination parameter; this work will however prove a useful starting point. 
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Figure 6.2 Two halves of a delaminated region of material and the artificial delan-ýination used 
to create them 
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a) Glass/epoxy trial 
b) Carbon/epoxy specimen CR60 
Figure 6.3a-b C-scan plots for, a) Glass/epoxy trial, b) actual panel specimen that will be tested 
in compression. Both figures have a 25x25mm mesh superimposed onto the plot 
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Figure 6.4 Clamping assembly used to make elliptical delarninations 
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Figure 6.1 Oc Load-displacement data for all circular delaminated panel specimens 
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Figure 6.11 a Compressive strength of horizontal ellipse panel specimens against 
delarnination area 
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Figure 6.11 b Compressive strength of vertical ellipse panel specimens against delamination 
area 
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Figure 6.11 c Compressive strength of circular delarninated panel specimens against 
delarnination area 
EHIO 
EH20 
EH40 
EH60 
ce CD 
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000 
Strain, ýtc 
Figure 6.12 Mean strain response at locations D-F for all horizontal ellipse specimens 
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Figure 6.13a-b EH20 specimen, strain locations D-F and C-E, a) bending strain, b) front 
and rear normal strain 
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Figure 6.16a-b EH40 specimen, strain locations D-F and C-E, a) bending strain, b) front 
and rear normal strain 
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Figure 6.17a-b CR40 specimen, strain locations D-F and C-E, a) bending strain, b) front 
and rear normal strain 
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Chapter 7 
7. Comparison of impacted and artificially delaminated panels 
Damage tolerance assessment of impacted and artificially delaminated panels loaded in 
compression was discussed earlier in Chapters 5 and 6 respectively. The objective of this 
chapter is to make an overall and localised comparison of the two panel types. The former will 
primarily focus on damage tolerance and hence question the use of an artificial delamination to 
simulate impact damage. While the latter will concentrate on localised deformation at or close 
to the damage site. The primary conclusions from the following sub-sections are listed in 
Chapter 8. 
1. OveraH comparison 
Both the impacted and artificially delaminated panels underwent the same global defort-nation 
process as the intact specimens tested in Chapter 5, and all specimens failed after buckling into 
the classic Mode 11 sinusoidal shape. For both panel types, compressive failure was generally 
catastrophic and dominated by rapid propagation of internal damage across the entire width of 
the panel, which in the majority of cases led to fracture of both of the panel's edges. Hence, 
similar failure characteristics and mechanisms were identified. If rapid propagation of internal 
damage had not led to fracture of both of the panel's edges, then residual loading capability 
would have been exhibited. Stable propagation of internal damage propagating in a stepwise 
manner was also observed. Such failure appeared to have little or no ýeffect on panel response 
unless it initiated unstable propagation. However, there was a noticeable difference in the 
amount of stepwise propagation between panel types, with this failure being more prevalent in 
the impacted specimens; which given the nature of the impact induced damage should have 
been expected. 
Fig. 7.1 shows the compressive strength-damage area relationship for impacted and artificially 
delaminated panel specimens; both panel types show the same general trends. In summary, once 
a critical damage size was surpassed, a gradual non-linear degradation in compressive strength 
was observed until a point was reached where no ftuther degradation in performance was 
attained. Hence, the compressive strength of a panel with too "small" or too "large" a 
delarnination was insensitive to delamination geometric parameters. However, as these size 
limits were dictated by delamination geometric parameters, as described earlier in Chapter 6, for 
a fair comparison, the artificial damage which best approximates the impact induced damage 
shape and orientation, should be used in the comparison of the two panel types. In Chapter 4, C- 
scan plots of the impacted plates showed that internal damage was generally elliptical or 
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rectangular elliptical in shape, with the major length of the shape coinciding with the 45' ply 
direction. However, as these ellipses were of low aspect ratio, a circular delamination was 
deemed the best approximation. Therefore, in the proceeding discussion a comparison of 
impacted and circular delaminated panels will be made. 
Fig. 7.2 plots the compressive strength and defori-nation loading ranges of the impacted and 
circular delaminated panels against damage area; the generally perceived trends are drawn onto 
each panel's curves as bold lines. The offset in panel compressive strength between panel types, 
of specimens below each types respective critical damage size, was attributed to two different 
fabrication techniques and hence specimen thicknesses. Ignoring this, with regard to damage 
area, it can be seen that impact induced damage was more severe than a single circular artificial 
delamination embedded at the centre of the laminate. For the impacted specimens, a 
delamination geometric sensitivity range, bla ratio of 0.1 to 0.24, was observed; where as the 
circular delaminated panels exhibited a bla ratio of 0.2 to 0.4. Furthermore, for a large 
delamination with no geometric sensitivity, a 33.2% reduction in compressive strength on 
average was exhibited for the impacted specimens, in contrast to the 26.3% reduction observed 
for the delaminated panels. Although it is tempting to account for the above differences as being 
the result of the fundamental difference between impact induced damage and artificial 
delamination, with regard to fracture surfaces and crack tips, these differences were not believed 
to result from such localised phenomenon. Instead, they were believed to result from a 
delamination geometric parameter. As the effects of shape and orientation should have been 
marginal, and as artificial delaminations were embedded at the centre of the laminate, the worst 
case scenario [47,57], the effect of number and distribution of delaminations must be re- 
examined. Of course, for the impacted panels the number and distribution of internal 
delamination varies from panel to panel, and as no information on this was gained during the 
examination of the plates after impact testing, the comparison could no longer be ftuthered. 
However, Laman et al [47] showed that multiple evenly spaced circular artificial delaminations 
had a greater effect on the panel compressive strength than a single delan-fination embedded at 
the centre of a panel. More importantly, he then went on to show that the effect of embedding 
seven equally spaced circular delaminations, over a range of sizes, had a greater effect on 
compressive strength than impact damage, hence confirming the above. 
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72 Localised comparison 
Although impacted specimens 0.125m and 0.375m were originally intended as direct 
comparisons to the CRIO and CR20 circular delaminated panels, as explained in Section 5.3.2, 
such a direct comparison has proved unsuccessful. The primary reason for this, was the 
substantial difference in the severity of the two panel types; hence a more general comparison 
was required. As discussed earlier in Chapters 5 and 6, two different sublarninate behaviours 
were identified between panels of the same type, acting above and below the critical damage 
size. As no localised data across internal damage could be attained during the testing of the 
impacted panels, the true nature of sublaminate behaviour could not be ascertained. In Chapter 6 
however, with the inclusion of back-to-back strain gauge pairings bonded across the 
delarnination at locations C-E, mixed sublaminate buckling and delarnination opening type 
behaviour was identified. Therefore, in this section the above behaviour exhibited by the 
delarninated panels was compared to impact panel responses. 
TZ 1. Strain responses of specimens below critical damage size 
As discussed earlier in Section 5.7.6, only the 0.125m impact specimen suffered a level of 
damage below the critical damage size. Whereas seven delarninated panels were found to fit the 
above criteria, as shown in Section 6.6.3. In both instances the responses of respective panels 
were compared to the control panel template, and although unique features were identified in 
both, the general responses were found to be the same. 
Fig. 7.3a plots load against mean and bending strain at locations D-F from 0.125m and 
compares it to EH20. Before panel buckling mean strain responses at locations D and F were 
identical, and after buckling similar gradients in response were observed. As the 0.125m 
specimen performed the mirror image of EH20's deformation process, bending strain responses 
at locations D-F were similar but opposite to those from EH20, examination of normal strain 
presented in Fig. 7.3b, confirms this. On comparing bending strain responses between locations 
D and F on a individual panel and between panel types, the 0.125m specimen was seen to 
exhibit a more interesting response. Unlike the EH20 specimen that showed a gradual increase 
in bending strain at locations D-F throughout the hybrid Mode MI deformation shape, the 
0.125m showed that at the transition from Mode I to hybrid Mode H panel shape, 24.2kN, 
separation of the sublaminate surfaces occurred. As discussed earlier in Chapter 5, this 
separation is believed to have resulted in a single stepwise propagation of damage, however the 
sublaminate proceeded to behave in a global manner. Similar sublaminate separation and failure 
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was observed in three of the delaminated panels tested. As sublarninate separation for both 
panel types only resulted in a very small amount of damage and proceeding sublaminate 
behaviour acted in a global manner, its occurrence was relatively inconsequential. 
After panel buckling, both panel types exhibited similar bending strain responses at locations D- 
F, characterised by a divergence of the two responses, an indication of sublaminate buckling. 
However, two notable differences between these were observed, the first was the extent to 
which bending strain responses at locations D and F diverged, and the second being the bending 
strain reversal at location D just before and at catastrophic failure for the 0.125m specimen. 
However, it has to be remembered that for the impact specimen, localised failure propagated 
underneath the gauge pairings at locations D-F, hence slightly different bending strain responses 
should be expected. Earlier in Section 6.6.3, these features were also observed on a delaminated 
specimen, EV20, which unfortunately had strain gauge pairings at locations D-F partially 
placed on the artificial delamination, hence confirming the above. In conclusion, for the 
specimens with a level of damage below the critical damage size, the same mixed sublaminate 
behaviour, illustrated in Fig. 6.14a (Chapter 6), was exhibited by both panel types after panel 
buckling. 
7.22 Strain responses of specimens above critical damage size 
Fig. 7.4a plots load against mean and bending strain at locations K-L from the 0.625m 
specimen, and compares it to mean and bending strain at location D-F from EH40. As can be 
seen from the figure, mean strain responses at locations D/K and F/L were identical up to 
ultimate load. Furthermore, the general trend of bending strain responses were similar, although 
the 0.625m's responses were far more pronounced. The reason for the above is best illustrated 
in Fig. 7.4b, which plots front and rear normal strain responses at each of the respective 
locations. As can be seen from this figure, individual responses at locations L/F were nearly 
identical up to ultimate load and responses at locations D/K only became noticeably different 
above 30kN. In both instances sublaminate separation was detected before panel buckling. 
From examination of bending strain at location K-L, sublaminate separation was believed to 
have occurred as early on as lOkN for the 0.625m specimen, whereas examination of bending 
strain across the delamination (not shown in figure) shows that it occurred at 22.5kN for EI-140. 
Sublaminate separation however only became apparent in the EH40 at locations D-F after 
28.7kN. Furthermore, as already discussed, there was a noticeable difference in the amount of 
stepwise propagation between panel types, with this failure being more prevalent in the 
impacted specimens. In the case of the 0.625m specimen, failure was detected before and after 
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panel buckling (see Table 5.4 Chapter 5) whereas, a very small amount of failure was audibly 
detected during the testing of the EH40 specimen, It would therefore be reasonable to assume 
that the difference in bending strain at locations D-F between panel types, was partly due to the 
fact that damage had propagated underneath the gauge pairings, and was partly the result of the 
fact that damage propagation occurred much more readily in the impact specimens. 
The 0.5m and 0.75m impacted panels produced similar responses to those of the 0.625m 
specimen. Unfortunately, in this respect the EH40 was unique, as although the EH60, CR40 and 
CR60 specimens exhibited the same general trend of bending, due to delamination size, 
sublaminate separation and buckling occurred together at panel buckling. Hence, the gradual 
evolving responses were not exhibited by these specimens. In conclusion, for the specimens 
with a level of damage above the critical damage size, the same delamination opening 
sublaminate behaviour, illustrated in Fig. 6.14b (Chapter 6), was exhibited by both panel types 
after panel buckling. However, there did appear to be a difference in the nature of damage 
propagation between panel types, before and after panel buckling. 
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Chapter 8 
8. Conclusions and recommendations 
In each respective chapter detailed conclusions have been presented, this chapter highlights the 
main conclusions drawn from the work undertaken and provides suitable recommendations. 
1. Conclusions 
The following conclusions only pertain to the test configurations studied in the present project. 
Chapter 3 Plates under quasi-static transverse loading 
" As a flat-ended indenter produced a more uniform load distribution than the hemispherical 
one, the failure modes experienced by a plate change, and four major failure modes, two for 
each type of indenter shape, were identified. Therefore, indenter nose shape was deemed the 
dominant geometric parameter, as a change in failure mode resulted in a significant change 
in the plate's maximum load. 
" Plates loaded with hemispherical indenters generally failed as a result of local crushing 
related fibre fracture under the tip of the indenter. Hence, the geometric parameters of 
boundary condition, indenter and plate size had no effect on the plate's maximum load, as 
long as this failure mode was maintained. However, if an enhancement in plate stiffness 
resulted in a change in failure mode, then maximum load was also enhanced. 
Plates loaded with flat-ended indenters suffered more severe failure modes, and unlike the 
hemispherical shape, an increase in indenter size had a global structural effect on the plate, 
enhancing stiffness and loading capability. As for plate size and boundary condition, 
marginal increases in stiffness and loading capability were observed. 
Chapter 4 Transversely impacted large plates 
" Impact induced internal damage was rectangular elliptical in shape and orientated with the 
±45' plies. Projections of internal damage in a 45' direction from the main body of damage 
were also observed. 
" Four distinctive damage phases corresponding to increasing IKE were identified. The 
damage mechanisms that occurred within each are coupled. In particular, the occurrence of 
fibre fracture was shown to curtail the creation of internal damage. 
A non-linear polynomial IKE-damage area relationship that plateau's off at the start of 
specimen penetration, best characterised the desired damage map. From this, an internal 
damage threshold level of 1.1 J was determined. 
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Chapter 5 Damage tolerance assessment of impacted plates 
* Panel compressive strength was dominated by the amount of internal damage present. in 
summary, once the critical damage size was surpassed, a gradual non-linear degradation in 
compressive strength was observed until a point was reached where no further degradation 
in perfonnance was attained. 
* Propagation of internal damage in a stable or unstable manner was directly linked to the 
nature of the sublaminate buckling behaviour, which in turn was dependent on internal 
damage size and panel global behaviour. 
Chapter 6 Damage tolerance assessment of artificially delaminated panels 
* The compressive strength of a panel with too "small" or too "large" delan-fination was 
insensitive to the delamination geometric parameters of shape, orientation and size. 
* For a delamination. size between the bounded limits of too "small" or too "large", the effect 
of a change in a delamination geometric parameter was apparent and compounded by the 
fact that geometric parameters dictated the above limits. 
e Delamination width (length perpendicular to loading direction) was the dominant 
delamination geometric parameter. Hence, when comparing a circular delamination to an 
elliptical one of the same area, the effect of orientation and shape was aspect ratio 
dependent. 
* Two different sublaminate behaviours, namely, mixed buckling mode and delamination 
opening, were identified between panels of the same type, respectively acting above and 
below the critical damage size. Once a panel had buckled into the classic Mode 11 sinusoidal 
shape, delamination opening promoted unstable propagation of the delamination and hence 
triggered panel failure. 
Chapter 7 Comparison of impacted and artificially delaminated panels 
* Impacted and artificially delaminated panels exhibited the same global deformation process 
and similar failure characteristics/mechanisms were identified. However, between panel 
types, there was a difference in the amount of stepwise propagation that occurred during 
loading, with this failure being more prevalent in the impacted specimens. 
Although, impacted and artificially delaminated panels exhibited the same compressive 
strength-damage area relationship, impact induced damage was more severe. Hence, a 
single artificial delamination embedded at the centre of a panel was not representative of a 
panel with impact induced internal damage of similar size and shape. 
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* Impacted panels exhibited the same two sublarninate behaviours as those identified for the 
delaminated panels, acting above and below the critical damage size. 
8. Z Recommendations 
As with all experimentally based projects, extra testing and examination of a wider range of 
parameters is desired. The following recommendations would have either enhanced the present 
project, or are deemed worthy of ftuther investigation. 
Transverse loading of plates under quasi-static or impact conditions 
Impact force history and its comparison to quasi-static testing would have been of interest. 
Better information on the distribution of internal damage through the thickness of the 
laminate would have proven useful. 
Compressive strength of panels containing impact or artificial damage 
9 As sublaminate behaviour is dependent on panel global behaviour, the effect of panel 
thickness needs to be examined. 
e Due to global laminate and local sublaminate behaviour, the use of Moire fiinge or 
Shearography examination techniques would have been advantageous. Furthen-nore, if a 
great deal of testing is to be perfonned, such techniques would prove to be time saving and 
cost affective in comparison to the use of strain gauges. 
* Although the compressive strength-delamination area relationship of the vertically aligned 
ellipse panels is understood, the response is not clearly defined and extra testing is desired. 
Further work is required to understand how sublaminate behaviour is effected by a change 
in a delamination geometric parameter. 
* If the effect of multiple delaminations is to be examined, it is believed that three equally 
sized and evenly spaced delaminations would be a good starting point for testing. 
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Appendix I 
Laminate fabrication equipment and 
procedures 
L 1. Prepreg cutting 
L2. Lay-up procedure 
L3. Autoclave 
L4. Laminate cutting 
Appendix LI Prepreg cutting 
table, with wood glass fixed to table length indicator 
top and steel firame 
F961 F4501 
F -Ojý 
L-shaDed set Orientation Mametic Met al table surface 
holder with measurement 
and alignment lines 
qtnnciarci lahnrpitnrv Rotating disc cutter. 
The cutter is drawn 
here is in its initial 
cutting position. 
Steel edge strip. 
Cutting edge on 
far nght 
Cut direction 
Plastic clamping 
strip. Used to 
hold (by hand) 
the prepreg down 
when a cut is 
being performed 
Prepreg support 
bar and table 
mounting hooks 
Figure 1.1.2 Cutting/lay-up table - the guillotine has a maximum cut width of 450mm 
Introduction 
This section describes the procedure and techniques used in the cutting of the prepreg material 
used to make two l50xl00x2mrn Q1 laminates made from the T700/LTM-45 EL composite 
system. One of the driving issues behind this procedure with regard to the handling of the 
prepreg is that: 
"At any one time, you should only have out of thefreezer as much prepreg as you are currently 
working with " 
In particular, the prepreg roll was only brought out of the freezer when required, and once all 
the material that was required had been cut off the roll, the roll was immediately placed back 
into the freezer. This was also true for the material that was to be used for the lay-up, during 
either the cutting or lay-up procedures the majority of the prepreg being used was kept in the 
freezer. The reason for this was twofold, and stems from the fact that the epoxy matrix cures 
Description of equipment 
Fig. 1.1.1 (Page 1.1-5) shows the cutting pattern used to make two 150x I 00x2mm Q1 laminates. 
A schematic of the cutting/lay-up table is given below in Fig. 1.1.2: 
L-shaped set 
square, made 
from steel 
Reinffirced Critillotine Alio-nment hqr Pind 
ApPendix 1.1 -I 
over time. This explains why the prepreg has a shelf life even when it is being stored at -I 81C. 
The rate of cure depends upon the temperature of the prepreg, the higher the temperature the 
shorter the cure. Therefore "ageing" the prepreg in any way especially the roll is undesirable. 
Secondly, at elevated temperatures the epoxy softens and the prepreg becomes malleable. This 
becomes a particular problem when it comes to the lamination procedure. 
Prepreg cuffing procedure 
" Remove cutting tables protective sheet and store the sheet in an area where it will not be 
contaminated. 
" Remove bagged prepreg roll from freezer. 
Take prepreg roll out of protective bag. 
" Detach the prepreg support bar form cutting table and place it through the centre of the 
prepreg roll. 
" Fix the support bar with roll, back onto the cutting table, so that when the prepreg is 
unwound the roll rotates anti-clockwise. 
Place the prepreg rolls protective bag in a location where the risk of contamination to either 
the inside or outside is low. 
* Using paper towel, clean the lay-up tables glass tabletop with acetone. This will help stop 
contamination of the laminate. 
* Hold the end of the prepreg length and remove sticky tape that fastens the end of the 
prepreg length to the roll. 
* Pull the end of the roll through the slit made between the guillotines plastic clamping strip 
and metal table surface. Make sure that the guillotine cutter is in its initial position. Continue 
pulling prepreg through the slit until the end of the prepreg length touches the L-shaped set 
square. This operation is made easier if the roll is also rotated anti-clockwise by hand while 
the prepreg is being pulled. 
In order to reduce complexity the cutting pattem (Fig. 1.1.1) will be divided up into three 
separate sections, the 0' plies, the 90' plies and the ±45' plies. Only the length of each of 
these sections will be marked out on the brown shiny side of the prepreg and then cut using 
the guillotine (cutting is described in the next step). It is found that when cutting the prepreg 
off the roll or when cutting a smaller section from a large one, however carefully done, a 
slight rippling in the prepreg along the cut edge will occur. In order to eliminate this, a 
slightly larger length is cut than required (couple of millimetres extra). The larger length is 
then trimmed to size, and this removes the ripple. The added benefit of this is that a much 
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squarer cut is also achieved, as the smaller size is easier to handle. Although rippling does 
not damage the prepreg in any way, it is in fact more of an irritation when it comes to 
laying-up the plies one on top of the other. In most cases rippling as a result of a cut can be 
eliminated by running a finger nail along the ripple edge while the ply is placed firmly on 
the lay-up glass table top. 
To cut the material, push the top edge of the prepreg length up against the guillotines 
alignment bar and the cutting length mark on the prepreg up to the cutting edges steel strip. 
Make sure the prepreg is parallel to the alignment bar and the prepreg is flat on the 
guillotines metal table surface. Sometimes a repositioning of the roll on the support bar is 
required to make the above possible. Place the magnetic holder on top of the ftuthest most 
point from the cutting edge on the prepreg material (on that material which is also on the 
metal table surface). The magnetic holder will not hold the prepreg material firmly, however 
it does aid the operator, as both hands are required to cut the prepreg. Once the prepreg has 
been located correctly on the guillotine, with the left hand press down on the plastic 
clamping strip making sure not to reposition the prepregs alignment, with the other hand 
slowly drag the cutter through the material. Continually reposition the left hand on the 
plastic clamping strip so that it follows the right hand as the cutter moves across the 
prepregs width. A slow cut is recommended, a fast cut will drag the ends of the fibres on the 
cut line off their 0' orientation. Also a fast cut has a tendency to rotate the prepreg material 
from its square alignment, hence the creating a bowed cut line. It is not recommended to cut 
the material in the opposite direction to that shown in Fig. 1.1.2, however on certain 
occasions (when cutting ±45' plies) it may be necessary. The reason for this is that when 
cutting the material in the opposite direction the prepreg has a high tendency of rotating 
about the edge of the guillotines alignment bar, hence resulting in a bowed cut. 
" Once all the material required to make the laminate has been cut off the roll, the roll must be 
replaced back into its protective bag and then placed back into the freezer. 
" Three sections used to make the 0', 90' and ±45' plies are now left. As only one section can 
be worked with at a time, place the other two back in the freezer. They are best placed flat in 
the freezer on top of everything else. 
" Although earlier it was stated that the roll width was 300mm this is not in fact entirely true. 
The true roll width is actually slightly larger, about 302mm. This is to take account of the 
fact that the outer edges of the prepreg are not straight, due to the manufacturing process. 
Therefore, this problem needs to be accounted for when two or more sections are used to 
make a ply, as a trench between sections would otherwise be created. To eliminate this, all 
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edge lengths of prepreg are trimmed, hence the roll is deemed to have a usable width of 
300mm. 
For the 0' and 90' plies the cutting procedure is very simple and the cutting does not need to 
be marked out on the prepreg, instead the measurement and alignment lines on the 
guillotines metal table surface are used. 
As stated earlier the ±45' plies were much more complex to produce and drawn cut lines 
were required. Using a steel ruler and 450 set square made from aluminium, the cut lines 
were marked onto the white rough paper side of the prepreg with a fine felt tip pen. Instead 
of marking out the complete pattern, one cut line was drawn at a time, then that cut was 
made. This gave greater flexibility to the pattern, as the new cut became the reference point 
for the marking out of the next cut line, hence eliminating any errors made earlier. Errors 
made early on in a completely marked out pattern would feed on through the pattern, hence 
reducing the quality of all of the plies made. The first cuts made to the ±45' section are the 
large +45' primary cuts that go across the width of the prepreg. These cuts are by far the 
hardest to achieve and are also the most important cuts to be made, this is because all the 
smaller proceeding cut lines are aligned from these large initial cuts. Therefore the greatest 
attention has been made to produce these large cuts with the highest quality. As a result, 
instead of having just the one cut line two parallel cut lines 2mm apart are used, these can be 
seen in Fig. 1.1.1. With the prepreg mounted on the reinforced glass tabletop, a scalpel and 
the 45' set square were used to make these cuts. An initial or "rough" cut is made to 
separate the two sections, proceeding fine cuts are then made to each of the sections until 
the desired +45' angle is achieved. This technique ensures that the cut line is of correct 
orientation, it also eliminates problems of rippling and more importantly bowed cut lines. 
Particular attention was paid in assuring that the scalpel cuts the fibre cleanly rather than 
dragging it out of orientation, and as a result the scalpel blade was constantly being 
replaced. The guillotine was then used to perform the smaller cuts. 
Once each ply has been cut, the fibre orientation is immediately written onto the white paper 
side. It is then stored in an appropriately marked box and placed in the freezer until it is 
required. 
Replace cutting table's protective sheet. 
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Appendix L2 Lapup procedure 
Description of equipment 
Fig. 1.2.1 (Page 1.2-5) shows the lay-up checklist used to make a 150x I OOx2nun Q1 laminate. A 
schematic of the cutting/lay-up table is given in Fig. 1.1.2 (Appendix 1.1). 
Lay-up procedure 
The following procedure describes how a 150x I 00mm QI laminate made from the T700/LTM- 
45 EL composite system was laid up. The location of the laminates reference comer was 
maintained during the lay-up process; this requirement is discussed in Chapter 4: 
* Remove lay-up table's protective sheet and store the sheet in an area where it will not be 
contaminated. 
* Using the appropriate checklist for the lay-up required fill in the details for the laminate to 
be produced. 
* Using paper towel, clean the lay-up tables glass tabletop with acetone. This will help stop 
contamination of the laminate. 
During the lamination procedure the laminate will inevitable be placed in and taken out of 
the freezer, and while being worked on it will probably be turned upside down, flipped, 
rotated, etc. Therefore to keep track of the laminates progress two reference points on the 
laminate will be maintained at all times. These reference points are as follows: 
0 Reference side - the reference side is the surface area of the laminate that comes in 
contact with the lay-up tables glass tabletop. Therefore the reference side is the first ply 
that is used to make the laminate and once lamination is completed it will be one of the 
two plies that can be seen. The reference side is easily identifiable, as it will be the only 
ply on the laminate to maintain its white protective layer. 
Reference comer - the reference comer is the comer of the laminate that is used to align 
the laminate in the L-shaped set square on the lay-up table. 
Both of these reference points require marking at the start of the lamination procedure. 
However it is possible to logically work them out if required, but this is of course time 
consuming. 
Using a single piece ply remove the first ply (labelled +450) from the freeze. The white 
protective layer of this ply is the laminates reference side, mark it accordingly. The bottom 
right-hand comer (white layer up) (not left-hand comer - due to flip) of this ply is the 
laminates reference comer, mark it accordingly. 
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9 Rotate and position the first ply into the L-shaped set square. Therefore, the white layer is in 
contact with glass and the reference comer is fitted into the L-shape set square. 
9 As this is the first ply the white protective layer is maintained and the brown layer requires 
removal, this is in fact quite tricky. To do this use the following steps: 
* Position the ply so access can be gained to the bottom right hand comer. This will 
change depending on the ply orientation, as separation of a protective layer from the 
carbon/epoxy is best achieved when the protective layer is pealed back with fibre 
orientation. 
9 Using a scalpel carefully position the scalpel blade between the carbon/epoxy and the 
brown protective layer. 
0 Position the blade so that it is only 2mm in from the comers edge, once done rotate the 
scalpel perpendicular to the ply creating a small fold in the brown layer 
" Replace ply back into freezer and wait for ten seconds 
" Remove ply from freezer and place white side down on the glass tabletop. 
" Place left hand index finger nail on carbon/epoxy edge. 
" Using tweezers grip the small fold and careful peal back the brown protective layer until 
fingers can be used to complete the task. 
This technique or some form of the technique is used to remove all layers (white or brown) 
during the lamination process. Usually the white layers can be removed straight away and 
do not need to be replaced in the freezer. 
9 Rotate and position the first ply into the L-shaped set square. On the inside comer interface 
between the L-shaped set square and the glass tabletop a small gap exists, use this gap to 
keep the first ply flat to the glass tabletop. A scalpel can be used to position the ply into this 
gap. 
Tick off and make comments if necessary on the checklist for the completion of this ply. 
Take the discarded brown protective layer, mark onto it the ply orientation and place in a 
crocodile clip. After each further ply has been completed collect the discarded white 
protective layer and place it in order into the same crocodile clip. At the end of the 
lamination process a cross-check with the discarded layers and the checklist will be made. 
0 Using a single piece ply remove the second ply (labelled 0') from the freeze. 
0 Remove the white protective layer. 
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Align with reference comer and the L-shaped set square; then position onto the laminate 
(first ply in this case). This is of course a lot harder than it sounds, and it is really up to the 
individual to develop a technique for achieving this successfully. Although it has been 
suggested that if stuck together incorrectly the ply and the laminate can be separated by 
placing the two back into the freezer for a period of time, this has not been found to be the 
case. For lay-up technique, the current way of thinking is that the ply should be held with 
the right hand on the ply's right hand 90' edge. The right hand should hold the ply in such a 
way as to create a small concave between the reference comer and the top right comer. The 
reference comer of the ply guided by the left hand should be positioned to the laminate 
reference comer, at this comer the laminate and ply should touch first. Aligning with the L- 
shape section the rest of the ply should then be lowered onto the laminate, so that the last 
place of contact between the ply and laminate is the top right comer. One of the advantages 
of using this technique is that very few air pockets occur between the ply and the laminate. 
However there are also disadvantages these are: 
" If too large a concave is given to the ply, the edges to be aligned with the L-shaped 
section will interfere before the reference comer can be aligned. 
" When aligning -45' plies due to the orientation of the fibres the ply will naturally want 
to concave the desired way, hence creating a large concave. Or worse still the material 
may convex at its edge close to the reference point. These plies are deemed the hardest 
to align; therefore they are best done quickly before the Ply warms up. 
With both the ply to be laid up and the laminate cold, movement of the ply on the laminate 
once in contact is possible for a short period of time. Therefore corrections can be made, but 
in order to make them quite a bit of force is required. 
Once aligned, rub firmly by hand the brown protective surface of the top ply to ensure good 
adhesion of that ply to the rest of the Ian-dnate. 
When removing the brown protective layer from the top ply, it has been found in some 
instances that sections of the new ply will lift back off the laminate, hence remaining 
attached to the brown protective layer. This can be eliminated by running the flat side of a 
scalpel blade along the edges of the laminate that will be lifted up. Or of course the laminate 
can be simply placed back into the freezer for a short period of time (20 seconds). 
In some instances when the brown protective layer is removed, the laminate may require 
flattening (particularly at the edges). To flatten the laminate, simply replace a section of the 
brown protective layer back onto the laminate and rub, it is unlikely that when the brown 
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protective layer is removed again the ply will lift back up. However, be careful, do not use 
the rough paper side of the white protective layer to perform this task, as the laminate will 
become contaminated with paper fibres. 
" Realign the laminate into the L-shaped set square. 
" Tick off and make comments if necessary on the checklist for the completion of this ply. 
" Take the discarded white protective layer and place it in order into the crocodile clip. 
" The third ply can now be laid up. To do this, repeat the above procedure. 
" It is usually found that as more plies are added to the laminate, the laminate will become 
much easier to work with. This is primarily due to the fact that it keeps its temperature for a 
longer period, due to the increase in volume (thickness). 
9 For the first three or four plies it is always best to use a single ply section. For plies made 
from more than one piece the procedure for lay-up is no different only that: 
9 Removal of the brown protective layer is best done once all sections have been placed 
onto the laminate. 
9 Try to get the separate sections aligned as close to one another as possible to eliminate 
trenching in the ply. 
e From time to time replace the laminate back into the freezer and take a break. When 
replacing the laminate into the freezer make sure that two protective layers are on the 
laminate to stop any contamination that may occur. 
* During the lay-up procedure the glass tabletop and associated equipment (including hands) 
may become sticky due to the excess epoxy residue. Use the paper towel with acetone and 
clean appropriately. 
e Repeat the above procedure until all the plies have been laid up. However, keep the 
protective layers on the first and last plies to stop contamination. Store laminate back in 
freezer in a safe place where the rise of contamination is small. The lay-up is now 
completed. 
0 Cross check between the discarded layers and the lamination checklist. Once completed 
successfully empty the crocodile clip and throw all discarded layers away. 
0 Using paper towel, clean the lay-up tables glass tabletop with acetone. If epoxy residue is 
present on the glass top, this will remove it. 
0 Once finished replace lay-up table's protective sheet and return the equipment used to its 
original location. 
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Quasi-isotropic layup 
Panel test size laminate: 
9 (45'/90'/-45'/O')2s (Symmetric, 16 ply), 15Ox1OOx2mm 
Batchnumber: IQI I JAI012191i ILI 
Layup: Ply number Orientation Completion/notes 
1 +450 V/ 
2 900 V/ 
3 -450 2 sections 
4 00 V/ 
5 +450 V/ 
6 900 1/ 
7 -450 v/ 2 sections 
8 00 
Embedded delamination None 
9 00 V/ 
10 -450 
11 900 
12 +450 
13 00 
14 -450 
15 900 
16 +4511 
Calculating the start of the dwell period: 
Start time: Start temperature: 
Dwell start = start time + (600 - start temperature) / 0.5 
Date: / /00 Cook cycle: 
Notes: Signature: 
Figure 1.2.1 Lay-up checklist for 150x I OOx2mrn Q1 laminate 
--(i-- 
Appendix 1.2-5 
Appendix 0 Autoclave 
Description of equipment 
A schematic of the autoclave is given below in Fig. 1.3.1: 
Removable 
clamping support 
Top clamping 
plate and rod 
Chamber pressure 
indicator and 
control knob 
Bottom clamping 
plate and fastener 
Pump vacuum 
indicator and 
control knob 
Vacuum pump 
switch and 
indicator light 
Alignment 
rod. 
Plate 1: 
Top plate 
Plate 2: 
Chamber plate 
Plate 3: 
Cooking plate 
Plate 4: 
Heater element 
plate 
Fuses for 
beater, pump 
and aux. 
Heater switch 
Process controller, 
Eurotherm 2404 
Figure 1.3.1 The autoclave unit 
Mains ligbt 
indicator 
Process monitor, 
Eurotherrn 21321. 
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Cooking procedure 
The following procedure describes how a 150x 1 OOMM Q1 laminate made from the T700ALTM- 
45 EL composite system was cured. The location of the laminates reference comer was 
maintained during the curing process; this requirement is discussed in Chapter 4: 
Remove lay-up table's protective sheet and store the sheet in an area where it will not be 
contaminated. 
Using paper towel, clean the lay-up tables glass tabletop with acetone. This will help stop 
contamination of the laminate. 
" Disassemble the autoclave unit, so that access can be gained to its cooking plate. 
" Using scissors cut the required amount of material and number of layers needed (as shown 
in Fig. 2.5, Chapter 2) off the appropriate rolls. Once cut, place each layer on the lay-up 
table making sure not to contaminate it. Do not use defective material. For example material 
with holes or creases in it, as these will directly affect the quality of the laminates surface 
finish. This is particularly true for the Porous PTFE material that is awkward to work with 
due to its electrostatic charge. 
" Remove laminate from freezer. 
Remove laminates white protective layer (reference side). 
Unlike the lay-up procedure that was performed earlier, the laying of the Porous PTFE onto 
the exposed carbon/epoxy laminate is not a rush against time. On the contrary, it is 
advantageous to let the laminate wann up a bit. The best technique is to hold the Porous 
PTFE at two comers on one side, then drag the PTFE across the glass tabletop to the 
laminate. Once the edge of the laminate is in contact with the desired position on the PTFE 
(remembering that the PTFE layer is larger than the laminate and the centres of each layers 
are to be positioned roughly one on top of the other) slowly lower the PTFE onto the 
laminate. Lay the PTFE down is such a way so that the last point of contact between the 
laminate and the PTFE is the laminates opposite side, this will hopefully eliminate the 
trapping of air pockets. If laid incorrectly the PTFE can be separated from the laminate even 
when the laminate is at room temperature, however in doing so it is more than likely that the 
PTFE layer will become damaged and creased. Once laid correctly, starting at the centre of 
the PTFE layer carefully tap the PTFE onto the laminate in a circular pattern heading 
outwards. Although rubbing is possible, it must be done very carefully as the PTFE can be 
easily creased. Eliminate as much of the trapped air as possible by tapping the air to an edge 
or a hole in the PTFE, however it is unlikely that all of the air will be eliminated. Once 
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complete, rest a hand flat onto the PTFE's surface, the heat from the hand will ensure a 
good adhesion, this should be noticeable by eye as the surface of the laminate should show 
through the PTFE quite easily. 
So that the laminates reference side and reference comer can be tracked through the cooking 
procedure, cut a small triangle out of the edge of the Porous PTFE's excess material on the 
laminates reference comer. 
Remove the brown protective layer. 
Lay the remaining Porous PTFE onto the exposed laminate surface using the method 
described above. 
Assemble the stacking sequence shown in Fig. 2.5 on the autoclaves cooking plate with the 
laminates reference side facing upwards. As long as the stack does not interfere with the 
cooking plate vacuum holes or rubber seal, the stack can then be placed in any location on 
the cooking plate. Therefore given the laminates size more than one laminate can be cured 
at a time; hence only the one Large Bagging film and one Large Non-Porous PTFE layer 
would be required for the two or more laminates. Try to ensure that the centre of each layer 
is roughly positioned one on top of the other. However it is advantageous to offset the centre 
of the Caul plate to the laminates centre very slightly (about 0.5mm), so that the Caul plate 
will definitely cover the laminates reference comer, as the laminates reference comer needs 
to be clearly defined for use in later processes. The Large Bagging film and Large Non- 
Porous PTFE layers are of course centralised on the autoclaves cooking plate. 
" At the back of the autoclave cooking plate cover the vacuum holes up with a length of 
Breather Fabric. This is done so that when the autoclave is evacuated and pressurised the 
membrane between these two different pressures, the large Bagging film, will not be 
punctured when it is sucked down onto the cooking plate. 
" Where the alignment rods fix into the cooking plate, two holes exist. So that the alignment 
rod can fit into these holes, two holes in the Large Bagging film are required. Using a 
scalpel cut these holes out with the Large Bagging film in position. Do not try to puncture 
the bag with the alignment rods and hole, it will not work. 
" Place the alignment rods through the autoclaves chamber plate while the plate is separate 
from the rest of the autoclave. The rear of the chamber plate has an air hose attachment 
sticking from its side, make a note of this before proceeding with the step below. 
Using the alignment rods as a guide, place and align the rods (with rods in chamber plate, 
and chamber plate correctly orientated) through the Large Bagging film and into the 
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cooking plate. This will automatically align the chamber plate to the cooking plate. Slowly 
lower the chamber plate onto the Large Bagging film and cooking plate, ensuring not to 
crease the film. 
9 Connect chamber plate to the air hose at the back of the autoclave. 
Place the autoclaves top plate miss-aligned on top of the chamber plate. 
Remove one of the alignment rods, align the top plates alignment hole for that comer with 
the chamber plate alignment hole, then replace alignment rod. 
* Do the same for the other aligranent rod and comer. 
* Assemble the three removable clamping supports and associated bolts, plates and nuts onto 
the autoclave. 
9 Using two spanners, bolt the clamping supports down in turn using a gradual bolting 
technique. 
9 Turn power on at the three phase box on the wall. 
* Turn the autoclave's mains switch on. 
" Programme into the autoclave the desired curing cycle. 
" Lower autoclave safety bar. 
" Place "Do not touch" on the departments compressor. 
" Turn the vacuum pump switch to on. 
" Slowly, turn vacuum knob to get zero bar. Note, this knob has no control over the vacuum 
pressure, it is simply an on or off valve. 
0 Start the curing cycle on the autoclaves controller unit. The process controller (Eurothenn 
2404) and monitor (Eurotherm 21321) are described in references [117] and [118] 
respectively. 
0 Record the start temperature and time onto the lamination checklist. These will be used in 
the following formula (on the checklist) to deten-nine when the dwell period will begin: 
0 Dwell start time = start time + (60' - start temperature) / 0.5 
0 This will usually be about one hour twenty minutes from the time the cooking cycle was 
initiated. 
0 Once the dwell start time has been reached, the 80psi pressure within the chamber must be 
applied. Lift the autoclave safety bar into the up position and turn the pressure knob on the 
autoclave to on (fully out). This knob has no control over the pressure within the chamber; it 
is simply an on or off valve. Slowly apply pressure to the autoclave by using the wall 
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mounted pressure line next to the autoclave unit. Check to see that the pressure within the 
autoclave is the same as that requested on the wall mounted pressure line. Unfortunately, the 
pressure supply from the compressor will vary during the day dependent on the amount of 
users on the system. Therefore it is worth while to occasionally check the supply from time 
to time and alter the pressure if required. Alternatively, the whole cooking process can be 
left to the end of the day when there will be no users on the system. Pressure variations will 
still however occur and are a result of the compressor charging its reservoir. 
" After applying the pressure, check for air leaks along the seal fittings either sided of the 
chamber plate. If air leaks are detected, reduce the pressure back to atmosphere, tighten the 
clamping supports and then reapply the pressure. 
" Replace the autoclave safety bar. 
" Fig. 2.4 shows the curing cycle used for the present project. The total length of the curing 
cycle is 18 hours, however in reality this will be much longer. The reason for this increase in 
time is due to the ramp down period at the end of the dwell. In theory this ramp down of 
-PC to ambient (20'C) should only take 40 minutes. However due to the thermal mass of 
the autoclave this ramp rate can not be achieved, and the autoclave will maintain its 
temperature (with heaters off). Instead the curing cycle will be ended at an indicated 
temperature of <30'C, this temperature will occur long after the point at which the curing 
cycle should have ended. 
When ready to remove the laminate from the autoclave, lift the autoclave safety bar into the 
up position. 
Turn the autoclave's mains switch off. 
" Close the vacuum knob to the off position (fully in). 
" Turn vacuum pump switch to off. 
" Turn power off at the three phase box on the wall. 
Vent the 80psi pressure within the chamber plate to atmosphere. 
" Remove the three removable clamping supports and associated bolts, plates and nuts. 
" Remove the two alignment rods. 
" Re-pressurise the autoclave chamber to 80psi, this will aid in the separation of the chamber 
plate and the top plate. 
" Using a screwdriver, pry the chamber plate and the top plate apart. 
" Turn the wall mounted pressure line off. 
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Turn the pressure knob to off (fully in). 
Remove autoclave top plate. 
Using a screwdriver, pry the chamber plate and the cooking plate apart. 
Remove the chamber plate. 
Remove the laminate from the stacking sequence and immediately mark onto its surface 
with a silver pen its reference side, reference comer, the batch number and the specimen 
name if applicable. It is far better to mark on more infon-nation than less, because the silver 
pen markings can be removed with acetone at a later stage is so desired. 
" Dispose of the Porous PTFE and Bagging film layers. 
" If necessary clean the Non-Porous PTFE layers with paper towel soaked with acetone. 
" Place the Non-porous PTFE layers, Bleeder fabric layer and Caul plate in a safe clean place. 
" Replace the autoclaves chamber plate and top plate onto the autoclave; then insert the 
alignment rods. This is done to ensure that the inside of the autoclave will not become 
contaminated or damaged in any way. 
Remove "Do not touch" from the departments compressor. 
Using paper towel clean the lay-up tables glass tabletop with acetone. 
Once finished replace lay-up table's protective sheet and return the equipment used to its 
original location. 
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Appendix U Laminate cutting 
Introduction 
The cutting of the laminate into a panel or test specimen was a very important task. Earlier on, 
during the prepreg cutting and lay-up procedures, a lot of time and effort was put into ensuring 
the correct orientation of individual plies. This time and effort would of course be wasted if the 
resulting specimen geometry did not coincide with fibre orientation. Realising this, and the fact 
that something can only be cut the once, it was well worth spending some time and thought on 
how to perfonn this task to the highest quality. 
Description of equipment 
To cut the laminate a modified tile cutter was used; a schematic of the tile cutter can be seen 
below in Fig. 1.4.1: 
Fixing knobs, these two 
knobs at both ends of the 
vertical rail fix the rail 
onto the steel table 
Horizontal alignment 
stopper 
Alun-dnurn vertical 
alignment guiding rail. 
Aluminum horizontal 
aligment guiding rail, 
uses the vertical rail as 
the sliding guide 
Rubber fluted anti-slip 
mat 
Figure 1.4.1 The modified tile cutter 
Toothless diamond coated 
flat steel disc, 2x 140mm 
Plastic safety guard 
Original tile cutting unit with 
an internal water tank. The 
water cools the cutting disc, 
traps the dust produced from 
the cut and adds lubricant to 
the cut 
Steel table attachment 
screws 
Detachable steel table 
The cutting wheel was a toothless diamond coated flat steel disc, therefore the term "cut" is not 
in fact the case, "grind" would be more representative. As a result, when performing a cut, the 
speed that the laminate as it is "passed" through the disc was of importance, and a slow constant 
speed was desirable. If the speed had been too high, the laminate would have become damaged, 
damage usually occurred in the form of fibres being "sprayed" away from the bottom surface of 
the laminate. Also, as the disc was flat and the diamond coating was coated around the edge of 
the disc, the cutter had two cutting edges, the traditional "facing" edge and the flat cutting edge 
parallel to the disc. Therefore, if a cut piece of material was pushed past the disc again, even 
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though it was the width of the cut, more material may have been cut off along its edge, by the 
flat edge of the disc. This is in fact a very useful feature, as very fine cuts could be perfonned. 
Laminate cutting procedure 
The following procedure describes how a 150x I 00mm Q1 laminate made from the T700/LTM- 
45 EL composite system was cut. The location of the laminates reference comer was 
maintained during the curing process; this requirement is discussed in Chapter 4: 
0 Fig. 1.4.2 below shows the laminate in its current condition after it has been laminated in the 
autoclave unit. From this figure it can be seen that three separate regions on the laminate 
exist. The four edges of the top ply are also visible; ideally the cut line should run along or 
parallel to these edges, the edges that coincide with the reference comer will be used as 
reference lines to all the proceeding cuts made to the laminate. 
Excess carbon/epoxy, 
region. Although this is 
carbon/epoxy material it 
is in fact useless 
Excess resin region 
(transparent) 
comer 
+45' top ply of the 
Quasi-isotropic, 16 
ply, lOOxl5Ox2mm 
laminate, reference 
side facing up 
The edges of the +45' top 
ply can easily seen. The 
two edges that coincide 
with the reference comer 
will be used as the 
reference lines to which 
all the proceeding cuts 
will be made 
Figure 1.4.2 The laminate after it has been cooked in the autoclave unit 
0 The excess resin region shown in Fig. 1.4.2 is usually very sharp to the touch. Therefore 
before working on the laminate it is well worth removing its edge, using a rotating sanding 
disc. When using this equipment, protective goggles and a dust mask must be worn, also 
check to see that the discs alignment plate is at a right angle to the sanding disc. Do not 
remove all of the excess resin only the sharp edge, Fig. 1.4.3 illustrates the laminate once 
this has been done. 
Using a steel ruler and a scalpel, mark a line onto the excess resin that is parallel to the top 
ply's edges. Do this to the two laminate sides that coincide with the laminates reference 
comer, on the laminates reference side. 
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Initial sanding 
edge, done to 
remove excess 
resin's sharp edge 
Laminate reference com( 
Reference side facing up 
Second sanding line has 
been marked onto the 
laminate surface using a 
scalpel and a metal ruler. 
This line is parallel to the 
reference lines 
Figure 1.4.3 The laminate after it has been sanded for the first time. The second sanding marks 
have been drawn on. 
Using the rotating sanding disc, sand the excess resin region back to these two lines. A set 
square can be used to check alignment, as the comer where the two lines coincide should 
become square. Although the disc should not in practice sand the carbon/epoxy, some of the 
useless region of the carbort/epoxy may come into contact with the sander when performing 
this task. However, as this region is useless and will be removed later anyway this issue is 
not that critical. 
Disassemble the tile cutter and remove the cover that accesses the tile cutters water 
chamber. 
Place the required amount of water into the tile cutters water chamber. An arrow on the side 
on the chamber indicates roughly what the water level should be. The water performs three 
tasks, it: 
0 Acts as a coolant to the cutting disc. 
0 Traps the dust produced during the cutting of the laminate. 
0 Provides lubrication to the cutting disc. 
0 Place the tile cutter onto a rubber mat, to stop slippage of the unit during the cutting 
procedure. 
Replace the cover to the water chamber and reassemble the tile cutter. 
Plug the mains lead into the 230V supply on the wall. 
0 Turn the 230V wall supply on. 
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Using a metal ruler, check to see if the safety guard holder is standing proud either side of 
the cutting disc, by moving the ruler squarely past the cutter and the safety guard holder. if it 
is standing proud, and a cut was attempted, the laminate would become jammed on the 
safety guard holder as it was being passed through the cutter. To stop this from occurring, 
use spacers between the cover to the water chamber and the safety guard holder to 
reposition it, so that a jam cannot occur. 
Spacer plates made from mild steel sheet (1-1.5 mm thick) and cut square to a desired size 
on a metal guillotine; will be used to align the vertical alignment rail to the cutting disc. By 
pushing the spacer plate up square to the cutting disc, then the vertical alignment rail to the 
opposite side of the plate, the desired cutting width will be produced. After tightening the 
clamping edges of the vertical rail down onto the table, the spacer plate can be removed and 
the horizontal alignment rail can be fitted onto the vertical one. The unit is now ready to cut 
the desired width set. 
An iterative and alternate (opposite parallel side cut each time) process will be used to cut 
the laminate to size, therefore a number of spacer plates are required. The following spacer 
plates listed here are a guide to the requirement, and the true requirement with regard to 
number and size will depend upon each laminate in turn: 
9 152xI02mm 
151xlOlmm 
* l50xl00mm 
The last spacer size here is of course the dimensions of the desired specimen. Also from the 
list it can be seen that on the last two width settings only cut off I nun of material at a time, 
even though the blade thickness is about 2mm. By doing this a high quality cut can be 
achieved; as the motors speed (rev/min) can be kept much higher. 
Set the cut width to 102mm, using the 152x 102mm spacer. The longest edge to be cut will 
be performed first. For high aspect ratio specimens such as the beam flexural tests (Chapter 
2) this becomes critical, as the longest edge is the easiest to align and generates the smallest 
rotational moment about the cutting disk. 
" Place the laminate reference side up on the tile cutter's table. 
" Align laminate to the vertical and horizontal rails. 
" Make sure that the safety cover is attached above the cutting disc; then turn the tile cutter on 
by depressing the switch on the side of the unit. Once depressed the disc will start rotating, 
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as a result., water will spray onto the table. If the safety cover is not attached, the water will 
spray everywhere. 
Goggles must be worn when perforraing a cut, but as the water traps the dust no mask is 
required. Although it may be thought of as being very sharp, the cutting disc can in fact be 
gently touched when rotating without risk of injury. However, it is advisable that the cut 
must be treated with the utmost respect at all times. 
With the left hand, hold the laminate aligned to the vertical rail. With the right hand, hold 
the laminate and the horizontal rail. The vertical rail takes precedence over the horizontal 
rail with regard to alignment, as the horizontal rail is aligned from it and the horizontal rail 
has a slight tendency to wobble especially when the width of the cut is great. On performing 
the cut, the left hand will align and the right hand will provide the motion for the cut. When 
the horizontal rail has been pushed up to its stop, to finish the cut off either withdraw the 
horizontal rail and push the laminate the remainder of the distance by hand. Or, withdraw 
the horizontal rail and place a square spacer between the laminate and the rail (making sure 
that it will not come into contact with the cutter), then finish off the remainder of the cut. 
" Once the first cut is complete, tum off the unit and re-align the vertical alignment rail to a 
new spacer cut width. Perform a cut on the opposite side of the laminate (parallel to the first 
cut), the first cut edge will become the side aligned to the vertical alignment bar. 
" Repeat the above technique until the laminate is cut to size. 
" Of course the above listed technique will only cut two (parallel and opposite edges) of the 
four edges to size. For the other two edges repeat the process. 
Once complete check each edge in tum to see the quality of the laminate, the layers within 
the laminate should be visible as different shades of grey/black. Sometimes the cut has not 
been taken far enough and useless laminate will remain, if this is the case perform a fine cut 
until laminate of good quality is reached. 
If a lot of cutting is perfon-ned it may become necessary to change the water within the unit. 
Remember water is being lost during the cutting procedure and if the chamber is not 
replenished the cutting disc will become heated. 
If fibres on the top or bottom surfaces have separated more than lcm from the laminates 
surfaces, break the fibre at a right angle to discontinue its separation. 
Once finished tum the 230V wall supply off. 
Unplug the mains lead from the wall mounted socket. 
Disassemble unit. 
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0 Empty the water used into a sink. 
* Clean entire unit with water and paper towel. 
9 Dry unit and replace where found. 
9 Store the specimen in a safe place. 
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Appendix 11 
Quasimstatic experimental equipment 
and procedures 
11.1. Mand universal test machine 
11.2. Denison machine 
11.3. Data acquisition system 
11.4. Strain gauges 
Appendix 1/. 1 Mand universal test machine 
Description of equipment 
The Mand test machine consists of two separate units, an electronics cabinet, Fig. 11.1.1 (Page 
IL 1-3), which the operator used to control the machine, and the Mand machine itself, Fig. 11.1.2 
(Page 11.1-4), which was basically a controllable hydraulic ram. Reference [84] gives a detailed 
description of both units. 
Operational parameters 
The Mand machine had a 100kN loading capacity and could be run under load, strain or 
displacement control. For the present project all tests were perfortned in the displacement 
control mode. A load cell and LVDT both mounted on the hydraulic ram enable load and 
displacement data to be respectively monitored during testing, the values of which were 
displayed on the electronics cabinet in a digital fonnat. Prior to testing the operator set the 
machines operational parameters. These parameters were set on the electronics cabinet and 
directly related to a ±10V analogue voltage, unfortunately operational parameters were 
interrelated. For instance, the maximum crosshead displacement setting directly affected the 
ramp rate setting that was calculated in Volts/sec e. g. for a ramp rate of 5mm/min at a ±25nun 
crosshead displacement setting: 
25mm = IOV or 2.5mm = IV 
5mm/min is 0.0833mm/sec 
therefore: 
0.0833 
= 0.033 Volts/sec ramp rate setting is required 2.5 
If the crosshead displacement setting was changed, a new ramp rate setting would need to be 
calculated. Table 11.1.1 (Page 11.1-5) lists all the operational parameters set on the electronics 
cabinet during testing. The values of those parameters listed in the table as "various fixed" are 
listed when individual test procedures are described. 
Mechanical set-up 
Two attachment grooves and a number of threaded holes allowed for the fixing of test 
equipment to the Mand machines base plate, Fig. H. 1.2. Similar sized threaded holes in the 
machine's crosshead allowed for the attachment of various loading pads or grips. As the Mand 
machine was designed for a variety of uses, the height of the controllable loading ram unit was 
itself variable. As shown in Fig. 11.1.2, the loading unit was located on four steel columns, the 
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length of which it was allowed to traverse. To alter its height, two hydraulic jacks either side of 
the machine raised or lowered the unit. These jacks were controlled manually via a handle 
located on the side of the machine. As the optimal testing point of the machine was when the 
loading ram was located at its mid position, a dummy experimental set-up of the test to be 
performed was used to locate the optimum height of the loading unit. Once the desired height 
was obtained, six steel shaft and nut connections fixed the location of the unit. 
Operation of machine 
" Turn water supply to Mand machine on. 
" Turn power supply to both units on. 
" Activate all resets on electronics cabinet. 
9 For safety reasons, before the Mand machine's hydraulic system is pressurised, both units 
are visually inspected and the settings on the electronics cabinet are adjusted to those listed 
in Table 11.1.1. 
* To turn the hydraulic pressure on - press Pump button, followed by the Pressure On button; 
both are located on the Pump control unit panel, Fig. 11.1.1. Once the hydraulic system has 
been pressurised, the crosshead will move to the position set on the Zero Position knob, 
which is located on the Position transducer amplifier panel. 
e Using the above knob, position the crosshead to a "neutral height" where it will not interfere 
with the experimental set-up. 
Using the Actuator set point buttons on the 3 Channel servo control system panel, Fig. 
11.1.1 , crosshead displacement is zeroed. 
Using the Zero knob on the Load cell amplifier panel, Fig. 11.1.1, the load cell is zeroed. 
To ensure a good quality of testing, a one hour warm up period is given prior to testing. 
To perform a test - position the crosshead just above the item which it is to load (about I to 
2mm distance). 
Check the load and displacement values of the crosshead, if necessary zero them 
accordingly. 
To start a test - press either the Start+ (tension) or Start- (compression) buttons on the 
Ramp generator panel, Fig. 11.1.1. 
9 To stop a test - press the Pause button on the same panel as above. Then using the Zero 
Position knob, withdraw the crosshead from the item being loaded and position it at a 
"neutral height". Once completed press the Reset button the Ramp generator panel. 
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To turn the hydraulic pressure off - press the Pressure Off button, followed by the Stop 
button; both are located on the Pump control unit panel, Fig. 11.1.1. 
9 Turn off both the power and water supply. 
Conversion factors used to calculate load and displacement 
Connections ftom BNC output ports on the Record module, Fig. 11.1.1, to the Data acquisition 
system (Appendix 11.3), allowed the acquisition system to sample crosshead load and 
displacement data. However, the recorded data was in volts, and the following conversion 
factors are employed, as determined in [84]: 
Load, kN 
Load, V+0.00 13 
xn 0.9927 
Where n is dependent on the load range setting: n=I for lOkN, n=2.5 for 25kN, etc. 
Displacement, mm = 
Displacement, V+0.0362 
0.4362 
For a ±25mm crosshead displacement setting. 
MTM Load cell D. P. M - digital 
amplifier - used display shows 
to set and zero crosshead. load 
load and displacement 
Extensometer Overload trip 
amplifier W 
Error detector 
Position transducer 
amplifier --controls 
crosshead location 3 channel servo (optimal testing 
control system - point at setting 5) A---- 
used to zero 
crosshead. 
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Pump control 
unit - powers up Record module - 
load and W01: 1 and pressurises 
displacement .0 hydraulic system 
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the Data 
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Figure 11.1.1 Mand electronics cabinet - panels 
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Figure 11.1.2 Mand machine with the experiment equipment used to perform the transverse 
quasi-static loading of plates, Chapter 3 
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Switch/knob/button Setting/ 
settings used 
Status Notes 
D. P. M 
Display Pos'n or Load Activated Used to view different readings 
Range 15 Fixed 
Max/Min Max Fixed 
Normal/peak Normal Fixed 
ýPosition transducer amplifier ---- - -------- Range, min ±25 Fixed 
Zero Various Various Used to position crosshead 
Extensorneter amplifier 
Range f, s. d. ±0.5mm Zero 5 Fixed 
: Load cell amplifier 
-- --- - ----- ------- 
Autotrack Pos'n 
Autotrack Strain 
Autotrack Load 
Pos'n control activate 
Strain control activate 
Load control activate 
Actuator set point Fast up/down 
Actuator set point Slow up/dowr 
Integrator 
Reset trip 
Lower limit, % 
Upper limit, % 
Monitor 
Start+ 
Start- 
Reset 
Pause 
Hold 
Volt/second 
Volt/sec power 
Various fixed 
Various 
Fixed 
Fixed 
Fixed 
Fixed 
Fixed 
On Fixed 
Off Fixed 
On Fixed 
On Fixed 
Off Fixed 
Off Fixed 
Various Various 
Various Various 
Off Fixed 
Press Activated 
Used to zero displacement 
Used to zero displacement 
Used to reset trips 
10(100%) Fixed i 
10(100%) Fixed 
Pos'n Fixed 
On/Off Various fixed Tensile loading 
On/Off Various fixed Compressive loading 
Press Activated Returns crosshead to initial position 
On/Off Various Pauses crosshead position 
On/Off Various fixed Pauses crosshead at max. range setting 
Various Various fixed Ramp rate setting 
X 10-2, X 10-3 Various fixed Ramp rate setting 
Table 11.1.1 continued overleaf 
Table 11.1.1 Mand machine operational parameters used during testing 
Test dependent 
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Switch/knob/button Setting 
settings used 
Status otes 
Record module 
Zero offset Position Off Fixed 
Zero offset Strain Off Fixed 
Zero offset Load Off Fixed 
Pump control unit 
Console power On/Off Various fixed 
Pump Press Activated 
Perssure on Press Activated 
Pressure off Press Activated 
Reset 
Stop 
Press 
Press 
Activated 
Activated 
ýC-oni-puter- -interface 
Computer /manual Computer Fixed 
Notes: 
Fixed - maintained for all testing performed 
Various - range of settings, usually used to zero load or displacment reading 
Various fixed - single parameter fixed for a test 
Activated - used at some point in the set-up/test 
Listed in accordance to panel, Fig. IL 1.1 
Table 11.1.1 (cont. ) Mand machine operational parameters used during testing 
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Appendix 11.2 Denison test machine 
Description of equipment 
A picture of the Denison machine can be seen below in Fig. 11.2.1. Unlike the Mand test 
machine (Appendix 11.1) this machine is load controlled. Furthen-nore, load control was 
achieved via the operator looking at the display readout and making alterations to the machine 
as was deemed necessary to maintain a constant loading rate, in effect the operator "drove" the 
machine. 
Tensile test 
fixtures 
Loading 
plate 
Compressive 
test area Digital 
display 
Control 
panel 
Overview of machine operation 
Fig. 11.2.2 overleaf shows a picture of the digital display; both load and loading rate are 
displayed. Prior to testing, the load is zeroed using the knob labelled in the figure. The Denison 
machine is best thought of as an enclosed hydraulic reservoir, all controls either fed fluid into or 
away from that reservoir; an oil gauge on the control panel, Fig. 11.2.3, displayed the rate of 
fluid delivery. The course control wheel only fed fluid into the reservoir. If the wheel was 
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Figure 11.2.1 Denison machine 
rotated and fluid was fed in, pressure within the reservoir increased, and if the pressure within 
the reservoir was greater than the external pressure applied to it (reaction load) the reservoir 
would expand, hence moving the loading plate downwards. The reservoir would continue to 
expand until a point was reached where the internal and external pressures were once again 
balanced, hence the loading plate would stop moving. 
Load display, 
kN 
Used to m, 
zero load 
74- 
VI 
Figure 11.2.2 Digital display 
Loading rate display, 
kN/sec 
0 
1V 
Therefore, to maintain a constant loading rate during testing, the course control wheel required 
continuous operation. The main problem with this however, was that the course control wheel 
had a greater effect at low loads than it did at high loads, and if the course wheel was used to 
drive the machine, the loading plate at low loads became liable to sudden surges in movement. 
To solve this problem, a fine control wheel was used in conjunction with the course control 
wheel. However, the fine control wheel only allowed fluid out of the reservoir. How the 
combination of the two, stops the surging problem will be explained in the following section. 
Figure 11.2.3 Control panel 
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The handle on the side of the control panel, Fig. 11.2.3, only allowed fluid to flow out of the 
reservoir (raise loading plate) and was used in the positioning of the loading plate. Although the 
Denison was equipped with an LVDT and gauge indicator, a separate LVDT mounted squarely 
to the loading plate was used to measure loading plate displacement. 
Operation of machine 
For safety reasons, a visual inspection of the machine is made before it is turned on. 
Turn power supply on. 
To turn the hydraulic pressure on - press Power On button. 
Reset the machine - press Reset button. 
To ensure a good quality of testing, a one hour warm up period is given prior to testing. 
Using the handle on the side of the control panel and the course control wheel, position the 
loading plate to a "neutral height" where it will not interfere with the experimental set-up. 
The load display is zeroed using the knob illustrated in Fig. 11.2.1. 
To perform a test - turn the fine control wheel to its maximum loss setting. The loading 
plate will start rising. 
Balance the above loss by providing an inflow of fluid via the course control wheel. The 
LVDT indicator of the control panel is used to see when the two are balance. 
Position the loading plate to the desired test position. 
To start a test - slowly rotate the fine control wheel from its maximum loss setting while 
monitoring the loading rate indicator. Rather than performing a sequence of twists of the 
wheel, try to continually tum the wheel. Eventually the fine control wheel will become fully 
closed, at this stage the course control wheel is then used to maintain a constant loading rate. 
To stop a test - using handle on the side of the control panel and the course control wheel, 
the loading plate is withdrawn from the item being loaded. 
" To turn the hydraulic pressure off - press Power Off button. 
" Turn power supply off. 
The above technique has been found to eliminate the problems associated with controlling the 
machine with the course control wheel at low loads. 
Calibration and conversion factors used to calculate load and displacement 
A BNC output connection &om the Denison machine's load cell allowed the Data acquisition 
system to sample load data during a test. Although calibration of the load cell was performed by 
the manufacturer during a standard service, the relationship between output voltage and load 
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was unknown. To determine this, the output voltage from the load cell was measured while the 
zero knob on the control panel was turned to set levels. The following relationship was found: 
Load, kN = 62.065 x Load, V+0.5352 (H. 3-1) 
As described earlier, a separate LVDT mounted squarely on the loading plate was used to 
measure loading plate displacement. For ease of installation the LVDT had a magnet fitting at 
the end, which was attached to the loading plate. To calibrate the unit, the voltage output of the 
LVDT was monitored while slip gauges of a known size were placed between the 
magnet/loading plate interface. The following relationship was found: 
Displacement, mm = 34.112 x Displacment, V+ 27.015 (H. 3-2) 
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Appendix 11.3 Data acquisition system 
Description of equipment 
The data acquisition system consisted of two separate units, a Solartron Orion delta data logger 
(Model: 3530) and a personal computer, which stored the collected data. Reference [84] gives a 
detailed description of both units. The Orion data logger was a standard scientific data logging 
system capable of sampling a variety of analogue signals at various sampling speeds. For the 
majority of testing performed in this project, the logger was used to collect load and 
displacement data from the Mand machine (Appendix 11.1) and strain data from the specimen 
being tested. However, it was also used to collect load data from the Denison machine 
(Appendix 11.2), displacement data from an LVDT and triggering data from a manual button 
(Section 2.4.6). A picture of the logger can be seen below in Fig. 11.3.1; a keypad on the front of 
the logger was used to programme the unit. However, as the unit had a multifunctional digital 
display, not all the options available are visible in the figure. 
Strain gauge 
connection board 
Multifunctional 
digital display 
Keypad 
Figure 11.3.1 Orion data logger 
The data logger and PC were connected together via a RS232 serial connection, and as such no 
special fittings to the PC were required. Using the HyperTerminal function within the Microsoft 
Windows 95 operating system, the computer was programmed to collect and store the data 
sampled by the logger, as a text file (Axt). Once the test had been completed, a programme 
written in Fortran 77 was used to format the above text file into a data file that could be 
imported into Microsoft Excel 97. All post-processing of test data was performed in Excel. 
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Programming procedure 
Table 11.3.1 (Page 11.3-3) lists a generic programme used to instruct the data logger to collect 
load and displacement data from the Mand machine and strain data from two strain gauges. The 
following issues listed in the table are raised: 
1. The data logger calculated strain readings in mircostrain. 
2. A single strain gauge used two channels. 
3. All strain gauges were tested in a quarter bridge configuration. 
4. The data logger defined the dummy bridge. 
5. The gauge factor of individual gauges was entered into the machine. 
6. Channels 17 and 18 collected load and displacement data respectively from the Mand 
machine. 
7. Data was collected from all the channels every two seconds, MHz. Different tests used 
different sample rates, see individual test procedures. 
8. The logger measured each channel forty times a second (machine optimum). 
9. All channels had to be initialised before the logger could be run. Initialisation checked that 
all input signals were connected and more importantly balanced each strain gauge bridge 
used. As strain gauges readings drifted, initialisation was performed just before testing. 
Operation of system 
Turn the power supply to both the data logger and PC on. 
Connect the input signals to the data logger. The strain gauge connection board can be seen 
in Fig. 11.3.1; BNC connections fed into the back of the unit. 
" Programme into the data logger the desired task, outlined in Table 11.3.1. 
" Run the HyperTerminal function on the PC and programme it to receive data from the data 
logger. 
Configure the experimental equipment to perform a test, see individual test procedures. 
Initialise all channels. 
Start recording data by pressing the Run button on the data logger. 
Check that data is being recorded by viewing the data on the PC. 
Start the test. 
Once the test has been completed, stop sampling data by pressing the Run button again. 
Save and exit the HyperTerminal function. 
The data logger does not need to be re-programmed to perform subsequent tests, only re- 
initialised once a new specimen has been connected to the unit. 
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____Step 
1: 
_Pro-gram 
in two FLA-3-11 strain gauges 
-I 
[Timer] Enter delay to start [dd-hh: mm: ss. t] 
Operation Display options 00-00: 00: 00.0 
<Channel> Enter channel numbers Type Enter delay to start [dd-hh: mm: ss. t] 
<0> 0 
Type Enter channel numbers 2 <Enter> Enter number of scans [*=unlirnited] 
<1-4> 1-4 
<Enter> Select item to be defined [Analogue In] Select of fixed interval scan 
Sensor Conv Alarm Output Text Cont Inter 
[Sensor] Select measurement type [Inter] Enter scan interval [dd-hh: mm: ss. t] 
Volts Amps Ohms ThcpI Prt Strain 00-00: 00: 00.0 
[Strain] Select bridge configuration 3 Type Enter scan interval [dd-hh: mm: ss. t] 7 
FullBr 1/213r 1/413r <2> 2 
1/4 Br] Select thermal drift compensation <Enter> Enter channels to be scanned 
On Off 
[On] Select dummy 4 Type Enter channels to be scanned 
Rem 120 UserX UserY UserZ <1-18> 118 
[Rem120] Select energisation current <Enter> Select measurement rate 8 
8mA I mA User 500/s 100/s 40/s 10/s 
[ImA] Enter gauge factor [40/s] Select end-of-scan 
0 Off On 
Type Enter gauge factor 5 [Offl Select data to be logged 
<2.13> 2.13 All Alarm Proc AI+Pr None 
<Enter> Select item to be defined [Analogue In] [All] Select when to output task header 
Sensor Conv Alarm Output Text Always Log Data 
[Always] Select output device 
Step 2: Program in two signals from the Mand Tape Print RS232 422/a Dsply GPIB 
machine (Crosshead load and displacment) [RS232] Select format required 
<Channel> Enter channel numbers Coded Full Compact 
[Full] Enter tasks triggered on alan-n [x, y, z. ] 
Type Enter channel numbers 6 0 
<17-18> 17-18 Type Enter tasks triggered on alarm [x, y, z. ] 
<Enter> Select item to be defined [Analogue In] <0> 0 
Sensor Conv Alarm Output Text <Enter> Enter tasks aborted on alarm [x, y, z. ] 
[Sensor] Select measurement type 0 
Volts Amps Ohms Thcpl Prt Strain Type Enter tasks aborted on alarm [x, y, z. ] 
[Volts] Select DC or AC measurement <0> 0 
DC AC <Enter> Ready for command 
[DC] Select item to be defined [Analogue In] 
Sensor Conv Alarm Output Text 
Initailze the Data logger so that its is ready to 9 
Step 3: Program in the task that the Data logger is carry out the task 
to do <Init> Select facility required 
<Task> Enter task number [1-8] Chans Refs Clock Print EDIT EXIT 
[Chans] 1 Enter channels to be initialised 
Type Enter task number [1-8] 
<1> I Type Enter channels to be initialised 
<Enter> Enter task title [ 18 characters max. ] <1-18> 1- 18 
<Enter> 
<Shift> Enter task title [ 18 characters max. ] 
"Clicking sound made as relays trip in" 
Type Enter task title [ 18 characters max. ] 
<TEST> TEST To start the Data loggers task 
<Enter> Select task function <Run> Ready for command 
Scan Event Off 
[Scan] Select task trigger source 
Timer Clock Task To stop the Data logger task 
<Run> Halted 
Table 11.3.1 A generic data logger program Appendix 11.3-3 
Appendix 11.4 Strain gauges 
Basic principles 
A strain gauge is a device for detecting strain in a material when subjected to a force. It works 
on the principle that when an electrical conductor is stretched its electrical resistance increases. 
If this conductor is intimately bonded to a surface subjected to loading, then the strain in the test 
specimen changes the resistance of the conductor. In certain metallic alloys there exists a linear 
relationship between the applied strain and the resulting resistance change. It is from these 
alloys, or semi-conductor materials, that strain gauges are normally manufactured. Reference 
[ 119] gives a detailed description of strain gauge usage. Fig. 11.4.1 a-b show pictures of a single 
and two element strain gauges. 
a) 
IIi 
b) 
/'" 
Note: Not to scale 
Figure IIA I a-b Example strain gauges a) Single-element, b) Two-element 90' rosette 
Supplier and selected gauge series 
For the present project all strain gauges were supplied by Techni Measure Ltd. [120], a nation 
wide distributor for TML Tokyo Sokki Kenkyujo Co., Ltd. [121]. Reference [122] details the 
suppliers product range, the TML "F" series foil gauges were selected for all testing. This gauge 
was produced from specially controlled alloy foils with thicknesses ranging from 0.003 to 
0.007mm. The grid was precision-etched by the most advanced processes currently available, 
and utilised an extremely thin epoxy backing. Table 11.4.1 lists characteristics pertaining to the 
entire TML "F" series range. Table 11.4.2 lists the type and number of strain gauges used by the 
present project; and Table 11.4.3 lists the characteristics of each gauge type used. 
Adhesive, lead wire and connecting terminal 
To bond a strain gauge to a specimen Cyanoacrylate (CN) adhesive was used. Table 11.4.4 lists 
the properties of this adhesive. 
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To electrically connect a strain gauge to the Data acquisition system's connection board 
(Appendix 11.3), two 1.2m twisted lengths of 10-core PVC lead wire were used per gauge. 
Numbered tabs fitted to either end of the lead wire ensured that no errors occurred during 
experimental set-up. The strain gauge legs were connected to a lead wire via a TML TF-2SS 
connecting ten-ninal. The TML "TF series tenninal was made from a 0.03mm thick copper foil 
and a 0.15mm thick insulated glass-epoxy base laminated. Terminals were bonded onto a 
specimen using the same CN adhesive used to bond the strain gauges. A strain gauge's legs and 
lead wires were then individually soldered to a terminal. The dimensions of a terminal are given 
below in Fig. 11.4.2. 
--$ 
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where: 
L= 3mm 
w= 3nu-n 
a=5mm 
b= 4mm 
Note: Not to scale 
Figure 11.4.2 Connecting terminal, TF-2SS 
Specimen preparation 
Using Scotch Magic Tape, mark out a rectangular area on the specimen where the gauge is 
to be roughly positioned. This will help in the execution of the following procedures. 
Using a circular motion, lightly rub the above marked out area with P400 grit wet and dry 
paper; at regular intervals add water. The roughening of the surface will help the mechanical 
bond between the specimen and the strain gauge, however it is imperative that the specimen 
is not damaged. Therefore, only a small amount of the outer epoxy material is removed, but 
just enough to get rid of the glassy finish. 
The above procedure is repeated with P600 grit wet and dry paper, then P800 paper. The 
latter grade is the finest of the three used and gives a relatively smooth finish. 
" Remove the Scotch Magic Tape. 
" Wash the specimen and dry with paper towel. 
" With a fine pencil, draw crosshairs onto the specimen where the strain gauge is to be 
positioned. A Vernier caliper has been found most useful in achieving this task. 
Using a non-lint towel soaked with acetone degrease the prepared area and allow to dry. 
Positioning of a strain gauge to a specimens surface 
9 Techni Measure Ltd. [ 120] supply strain gauges in packs of ten. Within a pack, each gauge 
is individually packaged in a transparent plastic leaf cover. This plastic cover is used in the 
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positioning of the gauge to the specimen. PTFE sheets are also supplied with gauges, the 
use of these sheets will be explained. 
Open the plastic cover slightly, and using a pair of tweezers push the strain gauge so that the 
top 2min of the gauge stands proud from the cover. 
Using Scotch Magic Tape, make a small tab and attach it to the top of the strain gauge. 
Some of the tab sticks to gauge while the remained is to stick to the specimen. A folded flap 
at the end of the tab allows the tab to be removed once the procedure is complete. Fig. 11.4.3 
below clarifies this. 
Sticky tab - will keep 
the strain gauge in 
place and will act as a 
hinge when bonding 
the gauge to the 
surface. The tab is 
made fi7om Scotch 
Magic Tape and is 
semi-transparent 
Transparent plastic 
leaf cover - access 
to the strain gauge 
can be gained from 
three of its four 
sides 
Folded flap - allows 
the tab to be removed 
TNIL FLA-3-11 
strain gauge 
Strain gauge 
cross hairs 
Plain weave 
Carbon/epoxy 
laminate, Chapter 3 
Pencil drawn 
cross hairs 
Wire leg 
Figure 11.4.3 Positioning of a strain gauge 
0 
0 
With the strain gauge still inside its plastic cover position it onto the specimen. Once 
satisfied, stick the remainder of the tab to the specimen with the use of tweezers. If correctly 
done, the tab should act as a hinge, hence enabling the contact surface of the gauge to be 
presented upwards without losing the position of the gauge to the specimen once replaced. 
Carefully withdraw the plastic cover from the strain gauge. The gauge is now ready to be 
bonded to the specimen. 
Bonding a strain gauge 
9 Place a small drop of CN adhesive onto a PTFE sheet. 
Using tweezers lift one of the strain gauge's legs so that the contact surface can be accessed. 
Due to the very quick curing time of the adhesive the following procedure needs to be done 
quickly and confidently. 
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" With a clean scalpel blade, scrape some of the adhesive off the PTTE sheet and carefully 
transfer it onto the gauge's contact surface. 
" Once the surface has been completely covered release the leg being held by the tweezers. 
" Carefully introduce the strain gauge to the specimen's surface by covering the gauge with 
PTFE sheet and closing the hinge. 
" Using a thumb, lightly press on top of the PTFE sheet for one minute. The heat from the 
thumb will cure the adhesive. 
" Remove the PTFE sheet. 
" With tweezers remove the positioning tab. 
Terminal and lead wire aftachment 
" Terminals are supplied in sheets of 50. 
" Using P400 grit wet and dry paper, roughen the contact surface of the entire sheet. 
" Using non-lint towel soaked with acetone, clean both surfaces. 
" With scissors cut a single terminal from the sheet. 
" As carbon fibre is electrically conductive, it is good practice to try and position the terminal 
as close as possible to the designated strain gauge. This may therefore mean that the gauge's 
legs need to be bent back, which is acceptable. If the terminal cannot be positioned close to 
the gauge, PVC covers that fit around the gauge's legs bridge the gauge to terminal gap. 
PVC covers can be made by stripping standard lead wire. 
Using the same technique used to bond a strain gauge to the specimen's surface, a terminal 
is bonded. 
" Using a scalpel trim the strain gauge's legs to size. 
" With a soldering iron, solder the strain gauge's legs to the terminal. 
" Check the resistance of the strain gauge with a digital multiple meter. 
Solder the wire lead to the terminal. 
Check the resistance of the whole system. 
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Gauge series Material 
Sensing -Bac-king 
element 
Foil gauge Cu-Ni 
it 
Epoxy 
P Foil I 
Operational temperature range, 'C 
Short-term Normal Temperature 
or Special compenstated 
. -196-+80 . -20-+80 . +10-+80 
3train Fatigue 
limit life, 
% x1ol 
3 10±1500xlO-6 
Notes: 
Strain limit and Fatigue life are measured at room temperature 
Table 11.4.1 Characteristics pertaining to the entire TML "F" series range 
- ------- 
Test 
--- 
Section Type Number No-tes-] 
Uniaxial tensile test 2.4.1 
FLA-3-11 
FCA-3-11 
3 
3 
Trans. test 
Long. test 
U i i l i t t C l 2 4 2 
FLA-2-11 3 Trans. test 
n ax a compress ve es ( e anese) . . FCA-2-11 3 Long. t 
In-plane shear test (losipescu) 2.4.3 FCA-2-1 1 3 
Interlammar shear test (losipescu) 2.4.4 FCA-3-11 3 
Fl lt t 3 i b d 2 4 5 FLA 5 11 3 exura es ( -po nt en ) . . - - 
Plates under transverse quasi-static loading 3.3 FLA-3-11 34 
d l D l fi 5 3 FLA-5-11 30 mpacte p ates amage to erance assessment o . FCA-3-11 18 
Damage tolerance assessement of artifically 6 4 FLA-5-11 24 
delaminated panels . FCA-3-11 46 
Table H. 4.2 Type and number of strain gauges used by the present project 
I ypr, L) II. Licils 10115,111111 iwnunai '_jaUr'%' %. --i a urk, aIIV Lai 
Gauge Gauge 
length width 
Backing resistance, factor 
(approx. ) 
per used 
pack 
Single-element 
FLA-2-1 1 2 1.5 6.5x3 120±0.3 2.1 10 3 
FLA-3-11 3 1.7 8.8x3.5 12 ±0.3 2.1 10 37 
FLA-5-11 5 1.5 lOx3 120±0.3 2.1 10 L ] 57 _ -- __ ___ ___ - -1 - Two-element 90' rosette -ý 
FCA-2-1 1 2 0.9 07 120±0.5 2.1 10 6 
FCA-3-11 3 1.7 Oll 120±0.5 2.1 10 70 
Table 11.4.3 Characteristics of each gauge type used 
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Appendix I// 
Miscellaneous procedures 
///. I. Epoxy potted ends 
Appendix Ill. 1 Epoxy potted ends 
Introduction 
The potted ends drawn in Fig. 5.1 (Chapter 5) were made from a mixture of epoxy and slate 
powder. Slate powder was added to the mixture to make the resulting material tougher, hence 
easier to machine square and true later on in the procedure. A recipe listing the quantities of 
each of the constituent ingredients used can be seen in Table 111.1.1 (Page 111.1-9). This table 
shows the quantity required to make one potted end, in practice, due to the nature of the 
procedure it was easier to make a batch of potted ends for multiple panels. 
Epoxy potted end manufacture 
9 At each end of the panel wrap masking tape around both sides of the panel to form a 15mm 
gap between the masking tape and the edge of the panel. 
0 
0 
0 
So that good adhesion is present between the panel and the epoxy potted ends, the ends and 
both sides of the panel are be roughened with P 150 grit wet and dry paper. 
Remove the protective masking tape, then clean and dry the panel. 
Using paper towel soaked with acetone clean the roughened end sections of the panel to 
remove dust and grease. Fig. 111.1.1 shows the panel so far. 
Make sure that the 
specimen name, batch 
number, reference side 
and comer are clearly 
visible 
Panel trimmed to size. 
Panel thickness and width 
dimensions are recorded 
before the panel has its 
ends potted 
Roughened section - to 
ensure a good adhesion 
between the epoxy 
n-ýixture potted ends and 
the panel 
Figure 111.1.1 The panel ready for the end potting procedure 
As the potted ends are made from an epoxy and slate powder liquid mixture that cures to a 
solid shape, moulds of the potted ends are required, Fig. 111.1.2 illustrates a mould. These 
wooden moulds must perform the following four functions: 
* Give the potted end its shape. 
* Contain the epoxy mixture within the mould without leaking. 
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0 
0 
Clamp and correctly align the panel while the epoxy cures. 
Separate from the potted end and hence the panel once the epoxy has cured. 
Alignment holes for bottom 
to top section alignment Top sections 
Figure 111.1.2 A schematic of a mould used to make the potted ends 
0 
0 
0 
If more than one panel is to have its end potted, lay the appropriate number of moulds out 
onto a table. Using a "production line" technique, give each mould its own working area, 
and lay each area out precisely the same. 
Disassemble each mould in turn and make sure that the correctly numbered sections, of 
which there are four, make up the mould that has just been disassembled. Do not mix mould 
sections up with different moulds as they will not fit together. Fig. 111.1.2 shows how a 
mould fits together. 
Using a scalpel and paper towel clean each mould section: 
" The scalpel will be used to remove any cured epoxy lumps or flakes from the mould's 
surface and comers. However, do not remove any of the wood, as this will expose wood 
that has no protective coating on it. 
" Vigorously buff each mould section with the paper towel to remove epoxy flakes and 
used release agent. Do not use water or any type of cleaning agent. 
On some occasions after five or so moulds, the mould surfaces and joint interfaces will have 
to be re-treated with wax. A Speciality Products Company, Honey Wax, mould release 
compound is used for this task. This wax is applied to the moulding surfaces and joint 
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Alignment roas ior oottom Direct contact Joint interfaces are 
to top section alignment moulding surface, also covered with the 
total of four release agent, total of 
surfaces/ bottom two surfaces/ section 
section of mould of mould 
interfaces using the application sponge provided, the compound is then given 30 minutes to 
soak into the mould. After this period of time has elapsed the excess is then removed with a 
paper towel. The application, soak and removal process is then repeated once more. 
" Stand the mould sections up on their ends so that the moulding surfaces and joint interfaces 
can be seen from one direction. This is done to make the application of spray release agent 
in the next step much easier. 
" Once the mould sections are cleaned and ready, application of the release agent to the 
moulding surfaces and joint interfaces is required. A Compounding Ingredients Limited 
(CIL) Release 1711 E release agent is used. This agent will stop the potted end from 
sticking in the mould, and it is applied to the mould every time the mould is to be used. 
Spray the agent directly onto the surfaces shown in Fig. 111.1.2, to form a thin uniform 
coating. If too much or too little an amount is applied to the mould the potted end will stick. 
Usually two passes from the spray held at a distance of 30cm from the mould should be 
enough. 
" Re-assemble the bottom half of the mould by connecting mould sections A and B together. 
" Clamp the bottom half of the mould (A and B sections only) in a vice. 
" Air-dry the mould sections to allow the solvent to evaporate. 
" Using four clean tin cans and a digital scale, separate out the desired quantities of each of 
the four ingredients listed in the recipe Table 111.1.1. For the slate powder and the Araldite 
CY 219 use a spatula and spoon into each tin can the desired quantities. The Hardener HY 
219 and the Accelerator DY 219 on the other hand can be poured into each respective can. 
The zeroing setting on the scales (zero reading with tin can on the scales) is best utilised for 
the above task. Remember that goggles, protective gloves, vapour mask and lab coat must 
be wom at all times when working with the above materials. 
Once the desired quantities of each of the materials have been separated out, it is good 
practice to replace the stock material back into storage. The recommended storage location 
for all the material listed above, is in a cool, dark, dry location (metal cabinet). 
Using the spatula mix the Araldite CY 219 and the Hardener HY 219 together in the 
araldite's can. Use the spatula to scrape out any remnants of the hardener from its can into 
the araldite's can. Given the colours of each (Araldite - yellow, Hardener - red) the mix is 
complete once a single constant colour is achieved. 
Using the spatula, mix the Accelerator DY 219 into the mixture of araldite and hardener. As 
before use the spatula to scrape out any remnants of the accelerator from its can into the 
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araldite's can. Given the colours of each (Accelerator - green) the mix is complete once a 
single constant colour is achieved. 
" Add a small amount of the slate powder at a time to the mixture; then stir the slate powder 
added into the mixture. By doing this all the slate powder will become mixed into the resin 
and no powder lumps will form. 
" Once all the slate powder has been mixed in, continue stirring for about 15 minutes, the 
more thorough the mix the better the end result will be. Make sure to scrape round the edges 
and bottom of the can so that all the ingredients within the can are mixed. 
" Once finished stirring, remove spatula and throw it away. With the tin held in one hand 
rapidly tap the bottom face of the can on a table to remove air bubbles that are trapped in the 
mix. Do this for about 30 seconds or more. 
" By hand, squeeze the top open section of the can to an oval shape from its original circular 
shape. The lip created at the edge of the oval will make the pouring of the mixture into each 
of the moulds far simpler. 
" To stop the creation of trapped air bubbles in the comers of the mould's bottom half, slowly 
pour the epoxy mixture into the mould at a fixed location until the bottom surface of the 
moulding surface is fully covered. Initially pour into each mould's bottom half about 5mm 
depth of mixture. Continue to fill each mould in turn, until the level of the mixture is about 4 
mm away from the top surface of the bottom half of the mould. 
If any of the epoxy mixture is spilt onto any other part of the mould other than the moulding 
surfaces, wipe the droplet off using paper towel. 
Place the mixing can and remnants to one side, do not throw away. The excess mixture left 
in the can will be used later to see if the mixture has cured. 
Place the end of the panel to be mounted into the mould's bottom half Rotate the panel 
about the end to be moulded by ±20 degrees of the vertical, this helps to attach the slightly 
viscous epoxy mixture to the panel. By lifting the panel ever so slightly up and down 
repeatedly, hence agitating the epoxy mixture, any trapped air bubbles between the panel 
and the mixture will be released. Position the panel so that the end of the panel is in full 
contact with the moulding surface's bottom face. 
With the left hand, attach moulding section C to moulding section A, using the two 
alignment rods. Slide section C down the rods until it can be pushed no further. 
Position the panel so that it is in full contact with the moulding surface's bottom face and 
flat up against section C's interface surface. The panel should also be roughly centralised 
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within the moulds length (the end potted mould is greater than I 00mm in length). The panel 
is now correctly aligned. 
" With the left hand, place moulding section D on top of section B, so that its interface surface 
is flat up against the panel's surface. 
" Using two G-clamps, squarely clamp section C and D together. Hence the panel will also be 
clamped squarely between these two sections. 
" Curing of the epoxy mixture should take about a day and a half To test the material to see 
whether it has cured or not, try to press a fingernail into the excess resin left in the mixing 
tin, if no indentation is left the material has cured. 
" Once cured, remove the two G-clamps and release the vice that holds sections A and B 
together. 
" Remove mould sections D and C. 
" Try to pull sections A and B apart (bottom half of mould). If their separation is not 
forthcoming, very carefully use a chisel and a mallet at each end of the mould to cleaver the 
sections apart. 
" Once sections A and B have been separated it is more than likely that the specimen will be 
stuck in either one of them. To extract the specimen, clamp the mould section that it is 
attached to the specimen in a table vice, so that access can be gained to what was the bottom 
surface of the mould. Using a wooden block placed up against the specimen's potted end, 
and a mallet, gently knock the potted end out of the mould. Make sure that the vice, the 
mould is clamped in, does not obstruct the exit of the potted end from the mould. 
Repeat the entire process to the other end of the mould. 
Once finished tidy the working area, return the equipment used to its original location and 
store the specimen(s) in a safe place. 
Machining the epoxy potted ends 
To ensure correct vertical alignment of the specimen in the CAI rig, the epoxy ends of the 
specimen needed to be machined flat and true. A milling machine with a two-fluted tungsten 
carbide router (half-inch shank) was used to perform this task. 
" Clear the milling machines flat bed table of any vices or other equipment that may be on the 
table. 
" With a vacuum cleaner remove any swarf or dirt from the flat bed table that may interfere 
with the clamping alignment of the specimen. 
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" Screw a half an inch collate up and into the milling machine's head. 
" Slide the router's shank up and into the collate. 
" With the brake on and using the correct spanner tighten the router into place. 
" Check to see if the router and the cutting head are squarely aligned. 
" Turn the milling machine on at the three-phase wall supply. 
40 Turn the milling machine's light on, to aid with the set-up of the clamping alignment. 
9 As the 150mm lengths of the specimen are not perfectly parallel and not perfectly straight, 
the use of a vice to clamp the specimen down while it is being machined becomes 
impractical. Therefore, the specimen can only really be practically clamped down as a flat 
plate; Fig. 111.1.3 illustrates this. The specimen is held between two spacer blocks A and B, 
above block Ba metal bar is placed. Upon tightening of the nut on the bolt, which in turn is 
connected between the metal bar and the milling machine's table, the metal bar will clamp 
the two spacer blocks and the specimen down between itself and the table. 
nut 
Two flt 
tungstei 
router ( 
shank) 
Edgi 
cutti 
Vel 
Figure 111.1.3 The set-up used to mill the potted end sections on a specimen flat, square and true 
0 However before the set-up shown in Fig. 111.1.3 can be clamped down, the specimen needs 
to be correctly aligned. Using the 150nu-n length edge of the specimen that coincides with 
the reference comer (Appendix 1.2), push this edge up squarely to block C that is wedged in 
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N4111ino, hf-., qci with q half- 
one of the milling table's fixing trenches. Once aligned, clamp the metal bar down onto the 
two blocks that sandwich the specimen, keep a hand on the specimen while this is being 
done to make sure that the process of clamping it down does not misalign it. 
Position the milling table so a cut can be performed. This may require the raising or 
lowering of the table. 
The major advantage of using this technique is that the set-up is only done the once and we 
are guaranteed that the potted ends once milled, will be parallel to one another, as the router 
will be passed either side of the one set-up to perform the two cuts. However it must be 
noted that the direction of a forward and back cuts will change depending upon which side 
of the specimen is being worked on. If the specimen is to the left of the cutter when facing 
the milling machine and the specimen is being moved away from the operator, a forward 
cut will be made. However, if the specimen is to the right of the cutter and again being 
moved away from the operator, a back cut will be made. 
Press the start button on the milling machine, to start the cutter rotating. 
On the milling machine, set the cutter speed to 850 rev/min. This has to be performed with 
the cutter rotating. 850 rev/min has been found to produce the best cut results. 
When performing a cut, due to the health risk associated with carbon/epoxy dust, a vacuum 
cleaner will be held close to the router during the cut. The vacuum cleaner will of course 
suck the dust straight up hence eliminating the problem. 
Using the positioning handles on the milling table, align the cutter to one of the ends of the 
specimen and perform a fine forward lateral cut. Back cut the end slowly, adjust the axial 
position of the table for another fine forward cut, and then perform the cut. Repeat the 
process until all the material on the epoxy end's surface has been milled square and flat. 
However it does not finish there, turn off the milling machine once the last back cut has 
been performed and check to see that all of the laminate's IOOMM width has become 
exposed. For good and fair testing of the specimen, all of the laminate's cross sectional 
width must come into physical contact with both the loading crosshead and the base plate 
(see Fig. 5.2, Chapter 5). No epoxy resin can be allowed to come between the laminate and 
either loading surface, as the epoxy potted end is not the load carry media, the laminate is. 
Unfortunately, due to the colour of the laminate and the semi-transparent nature of the 
potting material, it may appear that the end has been machined enough when in fact it has 
not. The best way to check whether or not enough machining has been performed, is to 
lightly scratch across the width of the potted end with a metal ruler. Epoxy material can be 
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marked, but the laminate cannot. Check the entire width, from experience, it is more than 
probable that one of the ends of the width will require more machining of the entire surface. 
9 Repeat the procedure above for the other end of the panel. 
9 Once finished press the stop button on the milling machine and turn the three-phase supply 
on the wall off. 
e Tidy the working area, return the equipment used to its original location and store the 
specimen(s) in a safe place. 
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